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Because one of the principal functions of articular cartilage in joints is to provide 
support in diarthrodial joints, transmitting loads with minimum friction and wear, it is 
likely that understanding the lubrication mechanism in articular cartilage will lead to 
therapeutic strategies to relieve mild symptomatic osteoarthritis, and possibly to 
improve the efficacy and expected lifetime of prosthetic implants. For this reason, we 
used a pin-on-disc tribometer to measure the friction coefficient of both pristine and 
mechanically damaged cartilage samples in the presence of different lubricant solutions. 
We find that the experimental set-up allows us to assess different lubrication 
mechanisms active in cartilage. Among the lubricants considered, 100mg/ml of 100,000 
Da polyethylene oxide (PEO) in phosphate buffered saline (PBS) appears to be as 
effective as synovial fluid (SF), especially on the mechanically-damaged cartilage. It is 
possible that the viscosity of the lubricant enhances cartilage lubrication via the 
interstitial fluid pressurization mechanism, maximized by the experimental set up 
adopted in our friction tests. 
We also conducted experiments to investigate how single walled carbon 
nanotubes (SWNTs) interact with phospholipid membranes. The work will both 
contribute to prevent adverse health effects due to SWNTs, and enable the applicability 
of SWNTs in advanced scientific areas such as controlled drug delivery, tissue (i.e., 
cartilage) culture and regeneration, and/or cancer therapy. Our primary results suggest 
that the presence of liposomes can keep SWNTs dispersed in water at low surfactant 
concentration. It is likely that individual or slightly bundled SWNTs interact with 
xix 





Diarthrodial joints, such as the knee and elbow, consist of bone, articular cartilage, 
ligaments, tendons, muscle and the joint capsule. The surfaces of the two bones at the 
diarthrodial joints are covered by articular cartilage. The purpose of this tissue is to 
provide a suitable surface for lubrication and wear prevention. The full structured 
cartilage is composed of collagen type II (10-20%), water and electrolytes (68-85%), 
proteoglycans (5-10%),  and chondrocytes.[1] In a simplistic description, cartilage can 
be understood as a sponge in which the solid, highly charged phase provides support 
and confines the fluid phase within small cavities. The pore sizes in the cartilage are 
different. The effective pore size is in the range of 2.0-6.5 nm.[2]  
Cartilage has a heterogeneous structure divided in four layers: the superficial 
tangential zone (STZ) with 10-20% of the cartilage thickness, the middle zone with 
~60% of the cartilage thickness, the deep zone with ~30% of the cartilage thickness, 
and the calcified cartilage zone where the cartilage interfaces with the bone. Cartilage 
tissues in the four zones differ in collagen organizations as well as in the amounts of 
proteoglycans. A schematic diagram of these zones is shown in Figure 1-1. The STZ 
zone is the thinnest zone of articular cartilage. It provides a smooth surface for the two 
bones to slide against each other. It is composed of flattened chondrocytes. Of all the 
layers, it has the highest concentration of collagen and the lowest concentration of 
proteoglycans, making it very resistant to shear stresses. The collagen fibers in the STZ 
of the cartilage have the orientation parallel to the surface and perpendicular to the 
deeper zones. Below the STZ layer is the middle layer, which is mechanically designed 
2 
to absorb shocks and distribute the load efficiently. The middle layer is composed of 
rounded chondrocytes. The collagen fibers are arranged randomly, and the proteoglycan 
content increases. In the deep zone, the chondrocytes tend to line up in columns parallel 
to the collagen fibers and the cell volume is at its lowest. The water level is the lowest. 
The collagen fibers in the deep zone are nearly perpendicular to the interface. The 
deepest layer is the calcified zone which anchors the articular cartilage to the bone. The 
collagen fibers in this zone are arranged perpendicular to the articular surface and 
linked to a calcified matrix. 
 
 
Figure 1-1 Schematic diagram of articular cartilage showing zone structures (A). 
Corresponding scanning electron microscopy collagen fibrillar arrangement (B). Figure 
is reproduced from Ref.[1] 
 
 
There is no blood supply to the articular cartilage. Articular cartilage receives 
oxygen and other nutrients mainly from the surrounding joint fluid. When the load is 
3 
applied on a joint, the interstitial fluid containing waste products is squeezed out of 
cartilage and when the load is removed, the synovial fluid (SF) with nutrients and 
oxygen flows back into articular cartilage. Unfortunately, once articular cartilage is 
injured, cartilage has very limited ability to regenerate by itself. 
SF is important in diarthrodial joint. It is secreted by synovial lining cells. One of 
its main functions is to provide nutrients and remove catabolic products. SF is also 
crucial to joint lubrication and bearing functions.[3-6] It has been shown that SF can 
reduce friction coefficient of cartilage effectively and afford wear protection to the 
cartilages. The most abundant macromolecules in SF are hyaluronic acid (HA), which is 
a high molecular weight anionic polysaccharide with the molecular weight from several 
thousands to more than 3 MDa, phospholipids, chondroitin sulfate and lubricin or called 
superficial zone protein (SZP). Studies have shown non-Newtonian behavior of SF. 
Early rheological studies of SF focused on its shear thinning property which is majorly 
due to the presence of high molecular weight HA. However, recent studies have shown 
that SF is rheopectic (i.e. the longer the fluid undergoes shearing force, the higher it 
viscosity).[7, 8] It is suggested that during shearing, the continuous protein network 
form, and this network is responsible for the observed rheopexy.  
Osteoarthritis (OA) is a degenerative joint disease characterized by four main 
anatomical lesions: degenerative cartilage lesion (ulcerations tending ultimately to nude 
bone); proliferative lesion of the periosteum (bone osteophytes); degenerative bone 
lesion (subchondral bone sclerosis and subchondral bone lysis), and inflammatory 
lesion of the articular soft tissues (synovial effusion, oedema and progressive 
periarticular fibrosis).  OA can be caused by intrinsic factors (primary OA), which have 
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a genetic and/or biomechanical etiology, as well as extrinsic causes (secondary OA), 
which are caused by external factors, such as direct trauma, overuse or repetitive motion 
injuries, corticosteroids, obesity, and/or ligamentous injuries, leading to joint 
hypermobility and instability.[9] Representative human knee joints with OA are shown 
in Figure 1-2. OA affects nearly 5 percent of the general population and 80 percent of 
people over the age of 65,[10] with 27 million patients in the US alone.[11] It is 
estimated that OA is the highest cause of work loss in the US. Because one of the 
principal functions of cartilage is to provide support in diarthrodial joints, transmitting 
loads with minimum friction and wear,[12] it is likely that understanding the lubrication 
mechanism in cartilage will lead to therapeutic strategies to relieve mild symptomatic 
OA, and possibly to improve the efficacy and expected lifetime of prosthetic implants. 




Figure 1-2 Representative human knee joints with early stage of osteoarthritis (a) and 
end-stage osteoarthritis (b). Figure is reproduced from Ref.[3] 
 
 
Experiments have reported extremely low friction coefficients of joint articular 
cartilage, confirming that cartilage is a weight-bearing and wear-resistant natural 
tissue.[13] To interpret the low friction coefficient of cartilage, a number of hypotheses 
have been proposed, including boundary lubrication,[14-17] hydrodynamic,[18] elasto-
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hydrodynamic,[19] squeeze-film,[20-22] weeping,[15, 23], boosted mechanisms,[24] 
and interstitial fluid pressurization.[2, 25-32] 
In boundary lubrication, an extremely thin layer, perhaps one molecule thick, 
between the bearing cartilage surfaces holds the surface projections slightly apart. A 
boundary lubricant is typically a molecule that coats the surface of a bearing and 
produces low friction due to molecular-molecular repulsive forces. Recent results 
suggest phospholipids and lubricins in the SF are likely to be boundary lubricants for 
cartilage.[6, 33, 34]  
Hydrodynamic lubrication is a way to achieve extended fluid pressure to hold up 
the body weight and separate the joint surfaces by using parallel rather than 
perpendicular to the motion between them. As one surface moves across the other, 
friction between adjacent fluid molecules drags the intervening fluid into the space 
between them, creating hydrodynamic pressure that forces them apart. The friction 
force essentially depends on the fluid properties.[35] Elasto-hydrodynamic refers to the 
situation in which the bearing surfaces have a low elastic modulus (e.g. soft articular 
cartilage), so that they deform significantly under the pressures produced in the 
lubricating fluid as it passes over them.[36] 
The high viscosity of SF seemingly makes SF an ideal candidate for a lubricant, 
which is thought to keep the articular surfaces from touching directly by providing an 
intervening fluid film, pressurized by the entraining velocity of the joint surfaces. For 
example, when a person runs and swings his/her leg forward, the joint is minimally 
loaded, allowing the cartilage surfaces to separate and minimizing the friction. When 
the leg is on its stance phase, body weight pushes the femoral condyles down through 
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the SF toward the tibial side of the joint. When the contact is made, frictional forces 
greatly increase. The viscosity of the fluid resists the descending femur and increases 
the amount of time required for the two sides of the joint to meet. In the meantime, 
friction remains low. The bearing surface separation produced by such load and unload 
cycles is called squeeze-film lubrication.[31, 35] The squeeze-film thicknesses between 
cartilage disc and a rigid counterface under stationary load can be predicted by a 
simplified equation:[37] 




32                                                                                                (1-1) 
In Eq. (1-1), h is the squeeze film thickness; a is contact radius; η is viscosity; W 
is normal load; t is squeeze film time.  
McCutchen proposed that interstitial fluid confined in the cartilage got pressurized 
as a result of joint compressive loading, thus weeping out of the cartilage to maintain a 
fluid film layer between the cartilage surfaces. This weeping of fluid under pressure was 
hypothesized to contribute to separation of the joint surfaces, which is known as 
weeping lubrication mechanism.[15, 23]  
Besides squeeze-film and weeping lubrication, Walker et al. proposed the boosted 
lubrication. Because of the microscopic ridges and groves on the surfaces, when the two 
cartilage surfaces are pressed together, pools of SF are trapped and fluid is forced back 
to the cartilage rather than out of the cartilage.[24]  
Weeping lubrication is based on the hypothesis that there is a fluid film between 
the two surfaces. If the cartilage surfaces come to direct contact, the interstitial fluid 
pressurization inside the cartilage becomes the reason to support most of the contact 
load.[31] When most of the load is supported by interstitial fluid, only a small fraction 
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of load would be transferred via solid-solid contact, thus, producing a very low friction 
coefficient. If the interstitial fluid pressure subsides, the friction coefficient rises 
considerably, as the entire contact load becomes supported by solid-solid contact. 
Ateshian et al. related the time-dependent friction coefficient to the interstitial fluid 















)1(1)(                                                                         (1-2) 
In Eq. (1-2), W(t) is the applied load and W
P
(t) is the load supported by the 
interstitial fluid, hence W
P
(t)/W(t) is the fraction of the load supported by the interstitial 
fluid;  is the fraction of the cartilage surface that is solid and provides contact between 
two sliding surfaces; µeff(t) is the time-dependent friction coefficient; µeq is the friction 
coefficient at ‘steady-states’, achieved after the two surfaces slide on each other for a 
long time. 
Although many lubrication hypotheses have been proposed, the lubrication 
mechanism of cartilage remains not completely understood. Some of hypotheses even 
conflict with each other. At this point, some fundamental questions have not been 
answered, such as the manner in which SF acts as such a good lubricant; which 
components play critical roles in cartilage lubrication properties; what physiological 
mechanism is responsible for such low friction coefficients of cartilage. Conducting 
fundamental investigation of the lubricity of articular cartilage with precisely controlled 
system can be the way to answer such questions. Among the lubrication mechanisms of 
cartilage, recently results provided more and more evidences that support interstitial 
fluid pressurization mechanism.[30, 31, 38-40] Especially Morrell et al. demonstrated, 
using in vivo experiments, the importance of interstitial fluid pressurization in joint 
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tribology.[41] Our primary hypothesis is that the good lubrication property in natural 
joints is due to the sustained high interstitial fluid pressure in articular cartilages. 
Towards providing additional experimental evidence for the lubricity of cartilage, 
a number of experiments have been conducted during this thesis. In section 2 and 3, we 
report experimental results for the friction coefficients of both pristine and mechanically 
damaged bovine articular cartilages. The mechanically damaged articular cartilages 
were used, because the damage of cartilage likely leads to OA. A pin-on-disc tribometer 
was employed to study the effects of different testing-configurations on the lubrication 
mechanisms of articular cartilage. To test the ability of different lubricants to reduce the 
friction coefficient for articular cartilage, several substances dissolved in the phosphate 
buffered saline (PBS), as well as SF, were used as lubricants. The friction coefficients 
obtained from different lubricants were compared to understand the role of each 
lubricant in joint lubrication. Rheological properties of lubricant solutions were found to 
be very important in the lubricating process. By systematically altering the composition 
of the PBS solution we demonstrate the importance of solution viscosity in determining 
the measured friction coefficient of cartilage.   
In the second part of the thesis we studied the interactions between carbon 
nanotubes (CNTs) and phospholipid bilayers. CNTs, which belong to the carbon 
allotropes family, are constituted of cylinders of graphene sheets, open or closed at the 
extremities. CNTs can be either single walled carbon nanotubes (SWNTs), which have 
diameters in the range of 0.4-2.0 nm and lengths of a few micrometers, or multi-walled 
carbon nanotubes (MWNTs), which have diameters and lengths up to 100 nm and 
several micrometers, respectively. Both SWNTs and MWNTs exhibit unique physical, 
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chemical, and electrical properties that made them an attractive material for electronic 
applications, medical diagnostics, drug delivery and tissue regeneration.[42, 43]  
CNTs are intriguing materials for implantation because they are conductive and 
have nanostructured dimensions comparable to the dimensions of proteins found in 
extracellular matrices.[44-46] Recent results have documented that adding CNTs in 
conventional three-dimensional scaffold can be beneficial for cartilage and bone 
regeneration.[46-49] MacGinitie et al. suggested that cartilage tissue could be 
efficiently regenerated when subjected to electrical stimulation.[50] Moreover, cartilage 
is composed of nanostructured materials (e.g. collagen is a nano-structured protein in 
cartilage tissue arranged in various ways depending on its location in superficial, middle 
or deep zones).  Thus, combining these two important properties of CNTs (nano-
roughness and conductivity) into one single implant may be beneficial for cartilage 
tissue engineering applications. 
However, the enthusiasm for using CNTs in medical applications is mitigated by 
reports on their toxicity. CNTs exhibit cytotoxicity to both human[51, 52] and animal 
cells[53, 54]. Besides vitro experiments, Lam et al. conducted experiment in vivo and 
found that pristine hydrophobic CNTs accumulated in the lungs of rats, and possibly 
causing granulomas.[53]  
As the literature on the subject evolved, experimental results have indicated that 
the toxicity of CNTs relies on multiple factors, including the purity and the type of 
CNTs, their functionalization,[54-56] and possibly both cell-culture media and cell type 
used in the experiments.[57, 58] Crouzier et al.[59] reported that purifying SWNT 
significantly reduced the lytic effect on red blood cells. Experiments also suggested, 
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perhaps not surprisingly, that the type of CNT functionalization affected cellular uptake, 
maybe even changed the uptake mechanism.[60, 61] Singh et al.[62] synthesized twelve 
polyamine-modified SWNTs and MWNTs, most of which showed reduced cytotoxicity 
to human lung epithelial A549 cells exposed to the CNTs for 24 and 72 hours. Although 
chemical functionalization appeared to alleviate the cytotoxicity of CNTs, surfactants 
may not provide such a benefit. In an interesting comparative study, Liu et al.[63] 
studied the cytotoxicity of SWNTs to bacteria. They dispersed SWNTs using both the 
nonionic surfactant Tween 20 and the anionic surfactant sodium cholate (SC). Tween 
20 was found not to be cytotoxic, while SC was found to decrease the bacteria survival 
rate. It would be interesting to understand why chemical functionalization of the CNTs 
reduces their cytotoxicological properties, while physical functionalization using 
surfactants does not yield similar effects. 
The results summarized above suggest that significant progress is being made in 
understanding the toxicity of CNTs on living cells. Unfortunately, the phenomenon is 
still not completely understood and sometimes even contradictory results are reported. 
Taking the effect of SWNT aggregation on cytotoxicity as an example, Liu et al. 
reported that individually dispersed SWNTs were more toxic than bundled or 
aggregated SWNTs;[63] while Mutlu et al. found that the toxicity of SWNTs was 
attributable to their aggregation.[64] 
As a first step towards addressing the possible interactions between CNTs and 
living cells from a fundamental point of view, we have implemented a minimal model 
within which we investigate interactions between CNTs and phospholipid bilayers. As 
our results improve, the lipid bilayers can be enriched by other elements (notable 
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membrane proteins) to more and more closely represent living organisms. Within this 
thesis, the model investigated experimentally is minimal, and it only involves bilayers 
formed by L-α-phosphatidylcholine and cholesterol. We will answer the question: is it 
possible that SWNTs, dispersed in aqueous solutions, embed into cellular membranes 
and eventually disrupt them? Understanding how SWNTs interact with phospholipid 
membranes will both contribute to preventing adverse health effects due to SWNTs, and 
enable the applicability of SWNTs in advanced scientific areas such as controlled drug 
delivery, gene therapy, and maybe even tissue regeneration, including cartilage. 
It has been convincingly shown that CNTs can cross the cell membrane into 
cytoplasm, even entering cell nucleus.[57, 61] On the other hand, the mechanisms and 
pathways CNTs entering cells are not answered. So far, the two most possible uptake 
pathways that have been suggested based on experimental observations are endocytosis 
and direct insertion through the lipid bilayer of cell membrane. The endocytosis can be 
either active (ATP driven) or passive (not involving the cell machinery).[65] In section 
4, we describe experiments conducted to study the interaction between SWNTs and 
liposome membranes. The interactions between liposomes and SWNTs can be a 
simplified model for better understanding the cell uptake mechanism. Our model can 
only study the direct insertion or passive endocytosis mechanisms of SWNTs crossing 
cell membranes, because the active endocytosis is excluded. In the future, other 
mechanisms will be studied, as the model will be made more complex.  
Finally, section 5 summarizes the conclusions from the present body of work and 
includes recommendations for the future research. 
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In addition to the material described in the body of the dissertation, during my 
studies at the University of Oklahoma I have also studied the self-assembly of 
surfactants at various interfaces. The two publications related to that research are 





2. Experimental Friction Coefficients for Healthy Bovine Cartilage 
Measured with a Pin-On-Disc Tribometer 
 
The material presented below was published in 2011 in volume 39, of the journal 




The friction coefficient between wet articular cartilage surfaces was measured 
using a pin-on-disc tribometer adopting different testing-configurations: cartilage-on-
pin vs. alumina-on-disc (CA); cartilage-on-pin vs. cartilage-on-disc (CC); and alumina-
on-pin vs. cartilage-on-disc (AC). Several substances were dissolved in the phosphate 
buffered saline (PBS) to act as lubricants: 10,000 molecular weight (MW) polyethylene 
oxide (PEO), 100,000 MW PEO and chondroitin sulfate (CS), all at 100 mg/ml 
concentration. Scanning electron microscopy photographs of the cartilage specimens 
revealed limited wear due to the experiment. Conducting the experiments in PBS we 
provide evidence according to which a commercial pin-on-disc tribometer allows us to 
assess different lubrication mechanisms active in cartilage. Specifically, we find that the 
measured friction coefficient strongly depends on the testing configuration. Our results 
show that the friction coefficients measured under CC and AC testing configurations 
remain very low as the sliding distance increases, probably because during the pin 
displacement the pores present in the cartilage replenish with PBS. Under such 
conditions the fluid phase supports a large load fraction for long times. By 
systematically altering the composition of the PBS solution we demonstrate the 
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importance of solution viscosity in determining the measured friction coefficient. 
Although the friction coefficient remains low under the AC testing configuration in 
PBS, 100mg/ml solutions of both CS and 100,000 MW PEO in PBS further reduce the 
friction coefficient by ~40%. Relating the measured friction coefficient to the Hersey 
number, our results are consistent with a Stribeck curve, confirming that the friction 
coefficient of cartilage under the AC testing-configuration depends on a combination of 




Osteoarthritis (OA) is a degenerative joint disease characterized by four main 
anatomical lesions: degenerative cartilage lesion (ulcerations tending ultimately to nude 
bone); proliferative lesion of the periosteum (bone osteophytes); degenerative bone 
lesion (subchondral bone sclerosis and subchondral bone lysis), and inflammatory 
lesion of the articular soft tissues (synovial effusion, oedema and progressive 
periarticular fibrosis). It affects nearly 5 percent of the general population and 80 
percent of people over the age of 65,[10] with 27 million patients in the US alone.[11] 
Because one of the principal functions of cartilage is to provide support in diarthrodial 
joints, transmitting loads with minimum friction and wear,[12] it is likely that 
understanding the lubrication mechanism in healthy cartilage will lead to therapeutic 
strategies to relieve mild symptomatic osteoarthritis, and possibly to improve the 
efficacy and expected lifetime of prosthetic implants. For this reason understanding the 
frictional properties of cartilage continues to be of enormous interest. 
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Although a number of experimental investigations report extremely low friction 
coefficients for cartilage, sometimes as low as ~0.01,[13] the physiological mechanism 
responsible for such low friction coefficients is not completely understood. A number of 
hypotheses have been proposed, including fluid film lubrication mechanisms in the 
flavors of hydrodynamic,[18] elasto-hydrodynamic,[19] squeeze-film,[20-22] 
weeping,[15, 23] and boosted mechanisms,[24] boundary lubrication,[14-17] and 
biphasic self-generating lubrication.[2, 25-32]  
Among many factors that affect the friction coefficient for cartilage, such as 
sliding velocity, duration of load, loading rate, interfacial contact area, wear and so on,  
the presence of lubricants appears to be essential to normal functioning of the joints.[33, 
66-80] Hyaluronic acid (HA),[67, 81, 82] phospholipids,[33, 34, 82] chondroitin sulfate 
(CS),[73, 76, 83] lubricin[84-86] – the major components of natural synovial fluid (SF) 
–and polyethylene oxide (PEO)[76] are reported to reduce the friction coefficient of 
articular cartilage. Although to explain these observations the boundary lubrication 
mechanism is often invoked, the mechanism by which each component present in 
synovial fluid facilitates lubrication, by itself or in combination with other components, 
is not completely understood. Gleghorn and Bonassar showed that friction coefficients 
measured under various experimental conditions fall within a universal Stribeck curve, 
which satisfactorily relates the friction coefficient with sliding speed and normal load.[4] 
In the classic Stribeck curve, the measured friction coefficient is a function of the 
Hersey number, ηυ/N, where η is the dynamic viscosity of the lubricant solution, υ is 
the sliding velocity, and N is the normal load.[87] We are not aware of any systematic 
study in which the Hersey number is varied by changing the viscosity of the solution in 
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which the experiments are conducted while keeping all other parameters constant.  
Some literature reports have however addressed the effect of viscosity on the measured 
friction coefficients, and somewhat controversial results have been reported. For 
example, Mori et al. found that very viscous HA lubricant solutions decrease the 
measured friction coefficient.[81] Others found that the measured friction coefficient 
does not depend on the solution viscosity.[76]  Benz et al. reported that the viscosity of 
a fluid film containing HA is lower near the cartilage surface than in the bulk, 
suggesting that HA may not actually adsorb on the cartilage surface.[88] One source of 
uncertainty may be related to the fact that most fluids in which the friction coefficient 
for cartilage is measured (e.g., the synovial fluid) are non-Newtonian. Thus the 
viscosity used for calculating the Hersey number could be either the viscosity at a 
certain shear rate, or the zero-shear-rate viscosity.[76, 81] 
To rationalize these observations it helps remembering that articular cartilage is a 
complex tissue. Cartilage shows a heterogeneous structure divided in four layers that 
differ in biochemical composition and molecular organization. The structural integrity 
of cartilage is probably responsible for its mechanical properties. In a simplistic 
description, cartilage can be pictured as a sponge in which a solid, highly charged phase 
provides support and confines a fluid phase within small cavities.[1] When a load is 
applied to cartilage, the fluid is pumped out of the pores. McCutchen provided evidence 
suggesting that, while inside the pores, the interstitial fluid contributes to maintain low 
friction coefficients in cartilage.[15] Hlavacek reported that the fluid escaping the pores 
yields a film on cartilage that quickly depletes, leaving the bearing surfaces into contact. 
[21, 22, 38, 40, 89-91] When the fluid film is incomplete, lubrication is provided by the 
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interstitial fluid. When the fluid film is intact lubrication is provided by fluid-film 
hydrodynamics. Ateshian et al. related the time-dependent friction coefficient to the 
















)1(1)(                                                                         (2-1) 
In Eq. (2-1), W(t) is the applied load and W
P
(t) is the load supported by the 
interstitial fluid, hence W
P
(t)/W(t) is the fraction of the load supported by the interstitial 
fluid;  is the fraction of the cartilage surface that is solid and provides contact between 
two sliding surfaces; µeff(t) is the time-dependent friction coefficient; µeq is the friction 
coefficient at ‘steady-states’, achieved after the two surfaces slide on each other for a 
long time. The interstitial fluid can support 90% or more of the total normal load 
(W
P
(t)/W(t)), depending on the solicitation. This support can reduce to zero under 
prolonged static loading, at ‘steady-states’ conditions. 
 
During activities such as walking and running the loading environment in the 
lower limbs is cyclical, allowing the synovial fluid to support large loads for short 
intervals and to replenish the cartilage before the load applies again on any contact 
area.[31, 92] McCutchen reported that allowing a cartilage sample to replenish with 
synovial fluid for a few seconds was sufficient to restore low friction coefficients.[15] 
Despite this, many available experimental data are collected under continuous static 
loads. One exception was reported recently by Caligaris and Ateshian,[39] who built a 
special tribometer with which they proved that when the contact area between two 
sliding cartilage surface moves (i.e., ‘migrating’ contact area), a constant, very low 
friction coefficient is observed. Measuring friction coefficients under conditions in 
which the contact area between the cartilage samples migrates is likely to mimic 
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physiological conditions.  Custom-made instruments, such as that designed by Caligaris 
and Ateshian, are suitable for such experiments, but it is possible that commercial pin-
on-disc tribometers can provide the desired experimental conditions under appropriate 
testing configurations. 
The objectives of the present work are (Ι) to assess whether a commercial pin-on-
disc tribometer could be used to assess various lubrication mechanisms in articular 
cartilage; specifically, we seek to determine whether by changing the experimental set 
up it is possible to establish experimental conditions under which the contact area, the 
area on which the external load is applied, migrates on the cartilage substrate; (Π) to 
determine the effect of solution viscosity towards reducing the measured friction 
coefficient; to this effect we dissolve different polymers in phosphate buffered saline 
(PBS) solutions; and (Ш) to interpret our experimental results invoking the interstitial 
fluid support (time-dependent friction coefficients) and the Stribeck curve (steady-states 
friction coefficients). 
Although it is known that synovial fluid is an efficient lubricant, this fluid is not 
used in the present work because it was preferred to control the solution composition by 
carefully measuring the concentration of two compounds (PEO and CS) within PBS 
solutions. These compounds change the solution viscosity. The effect on the measured 
friction coefficient of compounds such as lubricin and phospholipids, present in natural 
synovial fluid, will be considered in future studies. 
Our results demonstrate that a commercial pin-on-disc tribometer can be used to 
measure the friction coefficient for articular cartilage over time under the precise 
control of sliding velocity and applied load. By controlling the experimental set up we 
20 
propose a facile method to systematically probe different lubrication mechanisms. 
Mature bovine knee cartilage samples can be placed on the pin and/or on the disc, thus 
our technique is suitable for measuring friction coefficients for cartilage-on-pin vs. 
alumina-on-disc (CA), cartilage-on-pin vs. cartilage-on-disc (CC) and alumina-on-pin 
vs. cartilage-on-disc (AC) testing-configurations. In the latter two testing-configurations 
the contact area migrates on the cartilage surfaces, while the contact area remains 
constantly loaded in the CA testing configuration. Because configurations with 
migrating contact areas mimic the physiological cartilage behavior, they should yield 
low friction coefficients even when the experiments last for long times. In the second 
part of the paper, using the AC testing configuration we demonstrate the importance of 











               
 
Figure 2-1 Schematic diagram of the pin-on-disc tribometer used in this study (top). 
The samples were immersed in PBS solutions during the experiment. The disc, together 
with the liquid bath, rotates with a constant velocity. The friction coefficient between 
pin and disc is monitored continuously by measuring the deflection of the elastic arm. 
On the bottom panel three testing configurations are represented: (A) cartilage-on-pin 
vs. alumina-on-disc (CA); (B) cartilage-on-pin vs. cartilage-on-disc (CC); (C) alumina-
on-pin vs. cartilage-on-disc (AC). 
 
 
2.3 Experimental Procedures 
 
2.3.1 Cartilage Specimen Preparation 
Bovine knees of age 15-30 months were purchased from Animal Technologies 
Inc. They were delivered within 3 days after slaughter. The knees were not frozen but 
stored at ~4°C until dissection. Although cartilage degrades after slaughtering, scanning 
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electron microscope images show smooth surface structures, suggesting little, if any, 
surface cartilage degradation before testing. Full depth osteochondral plugs (Ø=12mm) 
were harvested from lateral and medial femoral condyles using a scalpel and 12mm 
biopsy punches. The osteochondral plugs were trimmed to maintain a constant thickness 
(1.3±0.2mm) by removing the deep zone tissues with a sledge microtome (Leica 
SM2000 R), leaving the specimen surface intact. The cartilage samples were washed 
with PBS to remove natural lubricants. After preparation, the specimens were frozen 
and stored at -20°C in PBS solution (pH=7.4, buffer strength=150mM). To maintain 
uniformity in our experiments, the osteochondral plugs were further cored out using 
biopsy punches to reduce the cylindrical cross section to Ø=10mm or Ø=2mm. The 
Ø=10mm specimens were glued to the disc and those with Ø=2mm were glued to the 
pins (details below) to perform lubrication experiments. 
 
2.3.2 Lubricants Preparation 
Articular joints are naturally immersed in synovial fluid. This fluid is a complex 
mixture containing hyaluronic acid, lubricin, phospholipids, and other compounds that 
contribute to lubrication, as well as to other biological functions. When our experiments 
in the AC testing configuration are conducted for cartilage immersed in natural synovial 
fluid, steady-states friction coefficients of 0.040±0.004 are obtained under experimental 
conditions similar to those considered in the present work (sliding speed of 1 mm/s and 
applied normal load of 2 N). These results are not discussed herein because, in an 
attempt to better understand the mechanism responsible for the low friction coefficients 
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typically observed in cartilage, the lubricant composition is controlled as closely as 
possible, as described below. 
In the simplest case, our experiments are conducted with the sliding surfaces 
immersed in PBS. To test the ability of different lubricants to reduce the friction 
coefficient for articular cartilage when dissolved in PBS, 4 different aqueous solution 
groups were prepared.  Cartilage samples were immersed in the corresponding solution 
for 12 hour at 4°C after thawed before testing. The control solution was PBS. The other 
three solutions were obtained by dissolving ‘lubricants’ in PBS. The lubricant solutions 
contained 100mg/ml polyethylene oxide (PEO) of 10,000 molecular weight (MW) 
(Polymer Source, Inc., Dorval, Quebec, Canada), 100mg/ml PEO of 100,000 MW 
(Sigma-Aldrich, St. Louis, MO, USA), and 100mg/ml chondroitin sulfate (CS) from 
shark cartilage (Sigma-Aldrich, St. Louis, MO, USA; CS molecular weight is not 
known). The ‘lubricants’ were used as received.  A SR5000 stress-controlled rheometer 
from Rheometric Scientific was used to measure the steady shear rate viscosity of each 
lubricant solution. The viscosity from each PBS solution was found to be constant over 
the shear rate range of 10-3000 s
-1
, indicating that the viscosity reached the zero-shear-
rate limit.  The zero-shear-rate viscosity of PBS, 10,000 MW PEO, 100,000 MW PEO, 
and CS solutions at room temperature were found to be 0.88, 3.5, 37.2, and 36cp, 
respectively (details are reported in Appendix C Figure 7-25). The estimated shear rate 
during the lubrication experiments is always in the range of 200-5000 s
-1
, calculated by 
assuming that the distance between 2 sliding cartilages in 1 µm, which corresponds to 
the surface roughness of cartilage.[77] The sliding speed of our lubrication experiments 
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is in the range of 0.2-5mm/s. The viscosities of the 4 lubricant solutions do not change 
within this range of shear rates. 
 
2.3.3 Experimental Protocol: Friction Coefficient Experiments 
The friction coefficient under a continuous static normal load of 2N 
(corresponding to a nominal contact pressure of 0.63MPa) was measured using a pin-
on-disc tribometer (CSM, model S/N 18-312). The contact stress is within the 
physiological range during human walking activities.[41] A schematic of the 
experimental set up is shown in Figure 2-1. All the tests began 5 seconds after applying 
the load. The samples were immersed in a liquid bath during the test. The disc rotated 
with a constant sliding velocity of 0.2, 0.5, 1 and 5mm/s, depending on the experiment.  
Friction coefficients were measured in the cartilage-on-pin vs. alumina-on-disc 
(CA); cartilage-on-pin vs. cartilage-on-disc (CC); and alumina-on-pin vs. cartilage-on-
disc (AC) testing-configurations. A schematic of the three testing-configurations is 
shown in the bottom panel of Figure 2-1. The alumina disc was aluminum, while the pin 
was ceramic alumina. All the experiments with lubricants dissolved in PBS were 
performed under the AC testing-configuration, which, according to our results, better 
mimics physiological conditions compared to the CA testing configuration. 
The friction coefficient between the contact surfaces was monitored continuously 
by measuring the deflection of the elastic arm that holds the pin. The data were 
collected as a function of time using the CSM ModelX software with an acquisition 
frequency of 10Hz. All tests were performed by placing the pin on the disc at a distance 
r=3±0.05mm from the center of the rotating plate. The experiments performed in PBS 
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for AC, CC, and AC testing configurations were terminated after 100 laps with a 
constant sliding speed of 1mm/s, corresponding to a travelled distance of 1885mm. The 
tests conducted with lubricants (PEO or CS) dissolved in PBS were terminated after 20 
laps, corresponding to a travelled distance of 377mm (our results reveal that friction 
coefficient does not change after 20 laps under the AC testing-configuration). During 
one lap the friction coefficient shows a cyclic variation, which is due in part to the 
unevenness of the prepared sample, and, in large part, to intrinsic vibrations 
experienced by the instrument elastic arm during the operation. The average friction 
coefficient in each lap is reported in what follows. All experiments were performed at 
room conditions. For each test the data reported herein are the average from 10 
independent measurements conducted at the same conditions.  
We measured the contact area in the AC testing configuration by dying the pin 
(alumina sphere) and then measuring the colored trace on the cartilage glued on the 
disc. The contact area was found to have an average width of ~2mm. To keep the 
contact area consistent when experiments are performed on the various testing-
configurations of Figure 2-1, we cut the cartilages glued on the pin (alumina sphere) 
into plugs of diameter 2mm. Because the size of the contact interface, ~2mm, is much 
smaller than the size of the spherical support on the pin, which has a diameter of 8mm, 
we can reasonably assume that the contact interfaces are flat for all the cases considered 
herein. Etsion et al. developed a theoretical model to study the effect of dwell time on 
the junction growth of a creeping polymer sphere in contact with a rigid flat surface, 
which may represent a spherical cartilage surface pressed onto a flat metal surface.[93, 
94] According to Etsion et al. model, the contact interface does not change during our 
26 
experiment, because of the low applied pressures.[41] We also conducted one test 
experiment under the CA testing configuration in which the cartilage sample was glued 
on a flat pin. Results did not differ qualitatively from those obtained using a spherical 
support on the pin. 
 
2.3.4 Cartilage Surface Characterization 
Following examples from literature,[95-98] scanning electron microscopy (SEM) 
has been used to characterize articular cartilage surfaces. Specimens were fixed in 2% 
glutaraldehyde and 0.1M PBS for 24 hours, following by further fixation in 1% osmium 
tetroxide for 1.5 hours. Specimens were dehydrated using ethanol and critical-point 
dried with a Tousimis autosamdri-814 critical point drier. Then the Anatech Ltd. 
Hummer VI sputtering system was used to coat the cartilage specimen with 8nm of 
gold. SEM images were obtained using a JEOL JSM-840A instrument before and after 
conducting our friction-coefficient experiments to visualize and quantify wear. 
 
2.3.5 Data Interpretation 
We applied the interstitial fluid pressurization model as proposed by Ateshian and 
coworkers to analyze our results for the measured time-dependent friction coefficient 
µeff under different testing configurations. Although immature bovine specimens were 
used to derive Eq. (2-1), it should be remembered that McCutchen used mature shoulder 
leg pig cartilage samples when he originally demonstrated the importance of interstitial 
fluid support (weeping fluid lubrication).
12
 Our hypothesis is that the model can be 
applied to the friction coefficient measurement for healthy mature bovine cartilage 
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specimens. Following Torzilli,  was considered equal to 0.1, corresponding to the solid 
content of the superficial zone of immature bovine articular cartilage.[99] The model of 
Eq. (2-1) was proposed to analyze the friction coefficient measured in a friction device 
with intermittent linear sliding between the surfaces, under constant applied load. This 
testing-configuration is similar to the CA testing-configuration shown in Figure 2-1. In 
this work we assume the model of Eq. (2-1) suitable to interpret the friction results 
obtained using not only the CA but also the CC and AC testing-configurations. The 
accuracy of this assumption is assessed by comparing our experimental results to model 
fits.  
All quantities in Eq. (2-1) are function of time, except µeq. Our experimental set up 
allows us to measure µeff(t) as a function of constant load W. Unfortunately, we have no 
access to W
P
(t),the load supported by the interstitial fluid. However, we observe that 
according to Eq.(2-1) the measured friction coefficient increases as the load supported 
by the interstitial fluid W
P
 decreases. When W
P 
= 0, µeff  = µeq. We assume that µeq 
obtained at the end of the CA testing-configuration experiment corresponds to µeq also 
for the experiments conducted in the CC and AC testing configurations. Knowing this 
value, we can calculate W
P
(t) by Eq.(2-1) when the experimental µeff(t) is known. This 
procedure seems reasonable for the AC testing configuration, but µeq is expected to be 




2.3.6 Statistical Analysis 
The mean and standard deviation were calculated and the statistical significance of 
the differences in friction coefficient was determined. A two-way analysis of variance 
(ANOVA) with Tukey’s HSD post hoc test was used to compare the initial and steady-
states friction coefficient values among different testing configurations. The effect of 
lubricant type and applied speed on the friction coefficient of cartilage was determined 
by a two-way ANOVA with Tukey’s HSD post hoc test. All statistical analyses were 
carried out using PASW Statistics 18 (SPSS Inc., Chicago, IL); α was set to be 0.05 and 
the statistical significance was accepted for p<0.05. 
 
2.4 Results and Discussions 
 
2.4.1 Surface Characterization of Cartilage 
We used SEM to characterize the cartilage surfaces before and after the friction 
experiment. Figure 2-2 A and B show the 40˚ tilt and top view SEM images of an intact 
articular cartilage surface, respectively. The images show a smooth cartilage surface 
with some underlying chondrocytes, indicating a healthy and flat sample. Figure 2-2 C 
is the top view of a cartilage sample after one experiment conducted in the AC testing 
configuration. Visual analysis reveals an abrasion on the surface due to the continuous 
sliding of the alumina ball onto the cartilage sample for 100 laps. The width of the 
abrasion (~2mm) is consistent with our early estimation. Figure 2-2 D is 40˚ tilt view 
SEM image at the intact-worn cartilage interface. The left side of this image is the intact 
cartilage, while the abrasion lies on the right of the broken line. The abrasion visualized 
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by SEM is very shallow, suggesting that our experiments only produce minor wear on 
the cartilage samples probably because of the small applied load. All cartilage samples 
used for our studies appear smooth and healthy suggesting that limited, if any, 
degradation has occurred before testing. The extent of wear due to conducting our 
experiments appears limited. This could be further reduced if smooth alumina balls 
were used for the experiment. Because no experimental observation is available in the 
literature for cartilage wear under the experimental conditions considered herein, in 
particular when the AC testing configuration is implemented in a pin-on-disc 
tribometer, comparison regarding wear results is not possible. For completeness, we 
point out that when the experiments are conducted for longer times, the extend of wear 
increases. The cartilage samples eventually degrade if the experiments are conducted 
for 1 hour or longer. These latter results are strongly dependent on the sample used. 







Figure 2-2 SEM images of intact and worn articular cartilage surfaces. A is 40˚ tilt 
view of untreated cartilage; B is the top view of untreated cartilage; C is top view of the 
worn area of cartilage after 100 laps; D is the 40° tilt view of the intact-worn interface 
of cartilage after 100 laps (the intact surface is on the left of the broken line). 
 
 
To test the effect of unavoidable wear on the friction coefficient measured for 
cartilage during the experiment, we measured the friction coefficient for each cartilage 
plug twice under the same testing configuration. In between the two experiments the 
cartilage plugs were allowed to relax in PBS solution for 2 hours without applied load. 
The slight wear on the surface during the experiment shown by our SEM results shown 
in Figure 2-2 was found to have limited effect on the measured friction coefficient. In 
very rare cases the friction coefficient measured in two experiments on the same 
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cartilage sample showed large deviations. Data are presented here only if the measured 
friction coefficients from the two experiments are consistent (±10%). 
 
2.4.2 Testing-Configuration Effects 
The experimental results for the friction coefficient and the corresponding fraction 
of load supported by the interstitial fluid in the CA testing configuration are shown in 
Figure 2-3. All error bars, not shown in Figure 2-3 to Figure 2-5 for clarity, are included 
in Table 2-1. The friction coefficient was found to increase with time from a minimum 
of ~ 0.099±0.014 to a plateau value of ~ 0.271±0.015. The plateau is reached within ~ 
750s after starting the experiment. According to the biphasic lubrication model of Eq. 
(2-1), as the measured friction coefficient increases the fraction of load supported by the 
interstitial fluid decreases from ~ 71% at the beginning of the experiment to ~0 at the 
end of it. 
In Figure 2-3 we also show the results obtained when a flat pin was used to hold a 
cartilage sample. These data, represented by the empty triangles, are consistent with 
those obtained using a sphere to support the cartilage (filled spheres). The only 
noticeable difference is that the friction coefficient at steady-states is slightly larger on 
the former than on the latter case. According to results reported by Merkher et al.,[68] 
this difference is consistent with a slightly larger contact area when the flat pin is used, 
despite the fact that a cartilage plug of 2 mm diameter was used in both experiments. 
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Figure 2-3 Time-dependent friction coefficient, µeff, and the portion of load supported 
by interstitial fluid, WW P / , obtained in the cartilage-on-pin vs. alumina-on-disc testing 
configuration (see Figure 2-1 for details). During the friction experiment 1885 seconds 
correspond to a sliding distance of 1.885 m and 100 laps. Filled circles are for the 
measured friction coefficient; empty circles are for the fraction of load supported by the 
interstitial fluid. Empty triangles are for the friction coefficient measured when the 
cartilage was supported by a flat pin. No estimation for the fraction of load supported by 
the interstitial fluid was attempted in the latter case.  
 
 
In Figure 2-4 we report the measured friction coefficient, as well as the estimated 
portion of load supported by interstitial fluid, obtained in the CC testing configuration. 
The shape of the friction coefficient curve is similar to that obtained under the CA 
testing configuration. However at steady-sates µeff (0.071±0.017) is only ~15% larger 
than at the beginning of the experiment, when µeff ~ 0.062±0.021. The corresponding 
fraction of load supported by the interstitial fluid, obtained assuming that µeq is equal to 
that measured in Figure 2-3, remains high during the entire experiment. It decays from 




Figure 2-4 Time-dependent friction coefficient, µeff, and portion of load supported by 
interstitial fluid, WW P / , measured in the cartilage-on-pin vs. cartilage-on-disc testing 
configuration. Filled circles are for the measured friction coefficient; empty circles are 
for the fraction of load supported by the interstitial fluid.  
 
 
In Figure 2-5 we report the measured friction coefficient, together with the 
estimated portion of load supported by the interstitial fluid, obtained in the AC testing 
configuration. The effective friction coefficient remains low during the whole 
experiment. The value reached at steady-states, ~0.064±0.017, is similar to that 
observed under the CC testing configuration (Figure 2-4). The main difference between 
the result shown in Figure 2-5 and those shown in Figures 2-3 and 2-4 consists in the 
shape of the µeff vs. time curve. The measured friction coefficient starts from a relatively 
high value at the beginning of the experiment (~ 0.070±0.019) and decreases with time 
to reach a plateau of ~0.064±0.017. Correspondingly, the estimated fraction of load 
supported by the interstitial fluid increases from ~ 82.7% to 85.0%. 
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In Table 2-1 we summarize the results presented in Figure 2-3, 2-4, and 2-5 by 
reporting the friction coefficient measured at the beginning of each experiment, µinitial, 
as well as the one observed at steady-states, µeq, for the three testing configurations 
considered. We also report the estimated fraction of load supported by the interstitial 
fluid pressurization at the beginning of the experiment, (
PW  / W )initial, and at steady-
states, (
PW  / W )eq. The number of trials required to reach steady state varies in the 3 
testing configurations, reflecting changes in lubrication mechanisms. More details are 
discussed in section 2.4.4. 
 
 
Figure 2-5 Time-dependent friction coefficient, µeff, and portion of load supported by 
interstitial fluid, WW P / , measured in the alumina-on-pin vs. cartilage-on-disc testing 
configuration. Filled circles are for the measured friction coefficient; empty circles are 





Table 2-1 Initial and steady-states values for the measured friction coefficient (µinitial 
and µeq, respectively) and for the estimated fraction of load supported by the interstitial 
fluid in the three testing configurations considered. * p<0.01 for CA vs. CC or AC; ** 




2.4.3 Lubricant and Sliding-Speed Effects 
To understand the ability of different polymers dissolved within PBS to reduce the 
measured friction coefficient, we measured the friction coefficient of cartilage 
lubricated with 4 solutions: (1) PBS, which acts as control; (2) 100mg/ml 10,000 MW 
PEO in PBS; (3) 100mg/ml 100,000 MW PEO in PBS; and (4) 100mg/ml CS in PBS. 
For these experiments we only considered the AC testing configuration, in which the 
alumina-on-pin slides on the cartilage-on-disc. 
For brevity, we do not report each individual time-dependent µeff obtained with the 
4 solutions at sliding speed of 1mm/s and normal load of 2N. All the curves follow the 
features described in Figure 2-5. µeff however, strongly depends on the lubricants. The 
friction coefficients of cartilage lubricated with 100mg/ml 100,000 MW PEO and 
100mg/ml CS in PBS are ~40% less than those measured in PBS both at the beginning 
of the experiment and at steady-states. Comparing the results obtained with PEO of 
different molecular weights, it is found that the higher molecular weight PEO decreases 
the friction coefficient more significantly than the low-molecular-weight one does. This 
  CA CC AC 
µinitial 0.099± 0.014† 0.062± 0.021* 0.070± 0.019* 
µeq 0.271± 0.015† 0.071± 0.017** 0.064± 0.017** 
(
PW  / W ) initial 71.0%† 85.7%* 82.7%* 
(
PW  / W )eq 1.0%† 82.5%** 85.0%** 
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difference is due to the solution viscosity, which is 37.2cp for the 100,000 MW PEO, 
but only 3.5cp for the 10,000 MW PEO. Although PEO is very different than HA, it is 
interesting to point out that the importance of solution viscosity found in our 
experiments is consistent with the results reported by Mori et al. Those researchers 
found that very viscous HA lubricants can decrease the friction coefficient of 
cartilage.[81]   
Because several literature reports revealed that friction coefficient for cartilage 
depends on sliding speed,[4, 68, 100] we generated a mesh plot to investigate the 
friction coefficient, µeff, of cartilage in the 4 solutions just described over a range of 
sliding speeds (0.2, 0.5, 1 and 5 mm/s). For these experiments we only considered the 
AC testing configuration in which an alumina sphere slides on the cartilage sample.  
The friction coefficient of cartilage in PBS over a range of sliding speeds and lap 
number is reported in Figure 2-6 A. At any sliding speed, µeff changes as the lap number 
(travelled distance) increases, following the trend discussed in Figure 2-5, i.e. µeff starts 
from a high value and decreases to a plateau within a few laps. The friction coefficient 
decreases as the sliding speed increases. The decrease of the measured µeff is more 
dramatic when the sliding speed increases from 0.2mm/s to 1mm/s, than in the high-
speed range when the sliding speed reaches 5mm/s.  µeff decreases from the maximum 
of 0.095±0.020, obtained at the beginning of the experiment performed at the slowest 
sliding speed, 0.2mm/s, to the minimum of 0.044±0.016 at the end of the experiment 
conducted at the highest sliding speed, 5mm/s.   
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Figure 2-6 Friction coefficient, µeff, measured in the AC testing configuration over a 
range of sliding speeds and laps. Panel A is for cartilage lubricated with PBS; B is for 
cartilage lubricated with 100mg/ml 10,000 MW PEO in PBS; C is for cartilage 
lubricated with 100mg/ml 100,000 MW PEO in PBS; D is for cartilage lubricated with 
100mg/ml CS in PBS.  
 
 
The friction coefficient, µeff, of cartilage lubricated with 100mg/ml 10,000 MW 
PEO in PBS over a range of sliding speeds and lap numbers is reported in Figure 2-6 B. 
The shape of the plot is similar to that observed in PBS (Figure 2-6 A). The friction 
coefficient of cartilage in 10,000 MW PEO solution is not significantly lower than that 
measured in PBS. µeff decreases from 0.076±0.028 at the beginning of the experiment 
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performed at the slowest sliding speed, 0.2mm/s, to the minimum of 0.043±0.020 at the 
end of the experiment conducted at the highest sliding speed, 5mm/s. 
The friction coefficient of cartilage lubricated with 100mg/ml 100,000 MW PEO 
in PBS over a range of sliding speeds and lap numbers is reported in Figure 2-6 C. The 
plot follows the same trend observed from both PBS and 10,000 MW PEO solutions, 
although µeff is significantly lower than those reported above. µeff decreases from the 
maximum of 0.053±0.012 obtained at the beginning of the experiment performed at the 
slowest sliding speed, 0.2mm/s, to the minimum of 0.033±0.010 at the end of the 
experiment conducted at 5mm/s. 
The friction coefficient of cartilage lubricated with 100mg/ml CS in PBS is 
reported in Figure 2-6 D. The plot follows the trend discussed above. As the sliding 
speed increases above 2mm/s the measured friction coefficient decreases only slightly. 
µeff decreases from the maximum of 0.064±0.018 at the beginning of the experiment 
performed at the slowest sliding speed, 0.2mm/s, to the minimum of 0.028±0.003 at the 
end of the experiment conducted at the highest sliding speed, 5mm/s.  
 
2.4.4. Discussions 
The first objective of our study is to assess testing-configuration effects on the 
measured friction coefficient for cartilage. A summary of our experimental results is 
reported in Table 2-1. The results from the CA configuration are consistent with 
previous results from McCutchen,[15] Ateshian et al.,[31] and Krishnan et al.[30] These 
results confirm that the interstitial fluid pressurization is a primary mechanism in the 
regulation of the friction response of articular cartilage at short times after a load is 
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applied. As long as the interstitial fluid pressure remains high, the measured friction 
coefficient is low. When the pressure sustained by the interstitial fluid reduces to zero, 
the friction coefficient reaches its steady-states value.  
We point out the cartilage in our CA experiments is supported on a sphere, not on 
a flat pin. Although it is possible that as our experiment progresses the contact area 
changes due to deformation of the supported cartilage, geometrical considerations 
suggest that the contact area between cartilage on pin and disc is almost flat. 
Experiments conducted for a cartilage plug supported by a flat pin (see Figure 2-3) 
confirm that our interpretation does not depend on the geometry of the pin.  
More importantly, when the friction experiment is performed under the CC and 
AC testing configurations, the measured friction coefficient remains low during the 
entire experiment. The friction coefficient at steady-states (µeq) in these two 
configurations is ~ 25% that measured in the CA configuration. One reason for this low 
friction coefficient is the testing configuration itself. The CC and AC configurations 
allow cyclical loading on the cartilage. This type of loading, analogous to the migrating 
contact area discussed by Caligaris et al.,[39] reasonably mimics the physiological 
conditions in diarthrodial joints, allowing the PBS solution to diffuse back into the 
cartilage before the load is applied again on the same contact area. For completeness, it 
should be pointed out that McCutchen had also observed that allowing the cartilage to 
‘resoak’ for a few seconds in between friction experiments yields lower friction 
coefficients.
12
 Our CC and AC testing configurations allow the various cartilage regions 
compressed by the load to resoak before the load returns. Based on Eq. (2-1), the 
estimated fluid load supports remain above 80% during the experiment in both CC and 
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AC testing configurations. This result is in contrast to what observed for the CA testing 
configuration, in which case the friction coefficient rises significantly with time. This 
happens because in the CA configurations the constantly applied load on the cartilage 
forces the interstitial fluid to escape out of the cartilage matrix. As the loading time 
increases the interstitial fluid support decreases due to the lack of fluid phase.  
The measured friction coefficient μeff increases with time for both the CA and CC 
testing configurations, while it slightly decreases over time in the AC testing 
configuration. During the time in between when the load is applied and when the 
experiment starts (5 seconds), a certain amount of fluid escapes from the cartilage glued 
on the disc. Thus the high onset friction coefficient in the AC testing configuration is 
likely due to the depletion of fluid phase in the contact area of cartilage on the disc. This 
possibility is consistent with results reported by Foster and Fisher.[77] As the sliding 
distance increases, the fluid phase diffuses back to the pores present in the cartilage 
sample glued on the disc during the migrating contact area displacement, yielding lower 
steady-states friction coefficient.  
The experimental procedure discussed above could be improved to extend results 
and methods to those attainable under physiological conditions. First, to limit the 
inevitable necrosis, the freshest cartilage samples available should be used. And second, 
the experiments could be conducted under a controlled temperature environment 
mimicking body temperature. It is possible that trimming the osteochondral plugs does 
not conserve structural integrity, leading to changes of cartilage physical properties. 
However, when large cartilage samples are trimmed and then glued on the disc of pin-
on-disc instruments, the surface area subject to trimming tends to be far from that tested 
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during the friction experiment, as shown in Figure 2-2. Experiments conducted under 
the AC testing configuration should not be affected by this limitation. 
The applicability of the interstitial fluid pressurization model to interpret the 
results presented herein implies that lubrication in joints can be improved by increasing 
the load fraction supported by the interstitial fluid pressurization. More interestingly, 
our results indicate a different lubrication mechanism of cartilage under the AC testing-
configuration from that of CA and CC testing configurations. The further study of the 
lubrication mechanism of cartilage under AC testing configuration could lead to better 
understanding cartilage lubrication. 
We investigated how the presence of lubricants within the PBS solution, as well as 
changes in sliding speed, affects the measured friction coefficient. The comparison of 
initial and steady-states friction coefficients from different testing speeds and lubricants 
in PBS are reported in Figure 2-7 A and Figure 2-7 B, respectively. Because the AC 
configuration was used in all cases, the interstitial fluid supports part of the load in all 
cases, and the friction coefficients remain low. The initial friction coefficient is larger 
than the steady-states friction coefficient for all experiments. 
Both the initial and steady-states friction coefficients decrease as the sliding speed 
increases. This finding agrees with other reports, although the typical testing 
configuration adopted in those other reports was similar to our CA. This suggests that 
the effect of the sliding speed on the measured friction coefficient might be independent 
on the testing configuration.[4, 68, 100]  
Comparing the effects of lubricants, we find that both 100,000 MW PEO and CS, 
when dissolved within PBS, are very efficient lubricants for articular cartilage, since 
42 
they reduce both initial and steady-states friction coefficients by ~40% (the effect 
appears stronger at slower sliding speeds). The ability of 10,000 MW PEO to reduce the 
friction coefficient is less pronounced. Literature data agree in that CS lowers the 
friction coefficient measured for cartilage.[73, 76, 83] However, it should be pointed 
out that these literature reports refer to experiments conducted under conditions, 
comparable to the CA testing configuration, in which boundary lubrication is expected.  
Our results for PEO disagree in part with those reported by Basalo et al.,
[76]
 who 
observed that PEO solutions reduce the friction coefficient for cartilage independently 
on their viscosity. The difference between ours and Basalo et al.’s findings could be due 
either to the difference of testing configuration implemented, or to the molecular weight 
of PEO used. Basalo et al. conducted their experiments under a CA configuration, while 
our data are obtained under the AC configuration. As we discussed above, these two 
testing configurations could promote different lubrication mechanisms. More important, 
however, is that Basalo et al. changed the viscosity of the PBS solution by dissolving 
different amounts of 20,000 MW PEO in PBS. Consequently, the viscosities in Basalo 
et al.’s work ranged from 16.7cp (133mg PEO per ml of solution) to 24.4cp (170mg/ml). 
By changing the PEO molecular weight, we increased the PBS solutions viscosity from 
3.5cp (10,000 MW PEO) to 37.2cp (100,000 MW PEO). Although it is possible that the 
PEO molecular weight affects the lubrication mechanisms, it is likely that Basalo et al. 
did not observe significant changes in the measured friction coefficient because the 





Figure 2-7 Comparison of the friction coefficient measured in the AC testing 
configuration when cartilage was lubricated with 4 different PBS solutions. Maroon 
represents PBS; orange represents 100mg/ml 10,000 MW PEO in PBS; yellow 
represents 100mg/ml 100,000 MW PEO in PBS; green represents 100mg/ml CS in PBS. 
A is the initial friction coefficient, µinitial; B is the steady-states friction coefficient, µeq.  
p<0.05 for 0.2mm/s vs. other speed; p<0.05 for PBS vs. other lubricants. 
 
 
To further analyze our results, in Figure 2-8 we plot the steady-states friction 
coefficient, µeq in Figure 2-7 B, as a function of the Hersey number, ηυ/N. In this 
analysis η is the zero-shear-rate viscosity of the corresponding lubricant PBS solution; υ 
is the sliding velocity; N is the static normal load. The fact that all experimental data 
collapse into a single curve demonstrates the importance of solution viscosity, normal 
load and sliding speed in determining cartilage lubrication. The curve in Figure 2-8 can 
be divided in two parts. In the first part, µeq decreases as the Hersey number increases, 
indicating a ‘mixed lubrication region’ where boundary and fluid-film lubrication 
mechanisms act together. At these conditions lubrication depends on majorly surface 
chemistry (boundary lubrication) and partial fluid hydrodynamics. In the second part, 
µeq does not change much as the Hersey number increases, indicating that, although 
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both hydrodynamics and boundary lubrication mechanisms act simultaneously, 
hydrodynamics effects become more important in comparison to that in the first part of 
the Hersey plot. For clarity, we point out that the hydrodynamic lubrication may be 
exaggerated by the continuous circular motion in our experiment set up. 
The plot of Figure 2-8 is consistent with the classical Stribeck curve, except that 
even at very low speeds (0.2mm/s) and solution viscosities (0.88cp for PBS), i.e., at 
very low Hersey numbers, our curve does not show a ‘boundary-mode region’ in which 
µ is invariant as the Hersey number changes. This observation suggests that when the 
cartilage is completely hydrated under the AC testing configuration considered herein, 
boundary lubrication never dominate the lubrication mechanism by itself. Gleghorn et 
al. reported a boundary region in their findings. This disagreement is due to the different 
testing configurations employed and the different lubrication mechanisms that prevail 
under the various testing configurations. The data of Gleghorn et al. were collected at 
steady-states using a CA configuration. It is likely that Gleghorn et al.’s data show a 
boundary region in the Stribeck plot because the CA configuration leads to direct 
contact between cartilage and disc when the interstitial fluid is dissipated at steady-
states. In our work, at steady-states the cartilage glued on the disc always contains 
enough fluid at the migrating contact area and no boundary region is observed. Our 
results suggest that experiments conducted in the AC testing configuration (this work) 
provide a complementary understanding of cartilage lubrication when combined with 
experiments conducted in configurations consistent with the CA testing configuration 
(e.g., the contribution by Gleghorn et al.) It is however possible that changing the 
Hersey number by increasing the normal load (not attempted herein) could trigger to a 
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larger extent the boundary lubrication mechanism, which is not evident from our results. 
Another difference between the curve in Figure 2-8 and the classical Stribeck curve is 
that the friction coefficient in our experiments does not increase slowly as Hersey 
number reaches very high values, as expected should hydrodynamic lubrication be the 
only acting mechanism. This suggests that, within the experimental conditions tested 
herein, the fluid hydrodynamics under the AC configuration never dominate the 
lubrication mechanism of articular cartilage.  
 
Figure 2-8 Stribeck curve obtained by plotting the steady-states friction coefficient, µeq, 
measured in the AC testing configuration, as a function of the Hersey number (ηυ/N). 
Filled circles are for experiments conducted in PBS; empty circles are data obtained 
when 100mg/ml 10,000 MW PEO is dissolved in PBS; filled inverted triangles are for 
100mg/ml 100,000 MW PEO in PBS; empty triangles are for 100mg/ml CS in PBS. 






3. Friction Coefficients for Mechanically-Damaged Bovine Articular 
Cartilage 
 
The material presented below was published in 2012 in volume 109, issue 7, of 




We used a pin-on-disc tribometer to measure the friction coefficient of both 
pristine and mechanically damaged cartilage samples in the presence of different 
lubricant solutions. The experimental set up maximizes the lubrication mechanism due 
to interstitial fluid pressurization. In phosphate buffer solution (PBS), the measured 
friction coefficient increases with the level of damage. The main result is that when 
poly(ethylene oxide) (PEO) or hyaluronic acid (HA) are dissolved in PBS, or when 
synovial fluid (SF) is used as lubricant, the friction coefficients measured for damaged 
cartilage samples are only slightly larger than those obtained for pristine cartilage 
samples, indicating that the surface damage is in part alleviated by the presence of the 
various lubricants. Among the lubricants considered, 100mg/ml of 100,000 Da MW 
PEO in PBS appears to be as effective as SF. We attempted to discriminate the 
lubrication mechanism enhanced by the various compounds. The lubricants viscosity 
was measured at shear rates comparable to those employed in the friction experiments, 
and a quartz crystal microbalance with dissipation monitoring was used to study the 
adsorption of PEO, HA, and SF components on collagen type II adlayers pre-formed on 
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hydroxyapatite. Under the shear rates considered the viscosity of synovial fluid is 
slightly larger than that of PBS, but lower than that of lubricant formulations containing 
HA or PEO. Neither PEO nor HA showed strong adsorption on collagen adlayers, while 
evidence of adsorption was found for synovial fluid. Combined, these results suggest 
that synovial fluid is likely to enhance boundary lubrication. It is possible that all three 
formulations enhance lubrication via the interstitial fluid pressurization mechanism, 




Articular cartilage is a weight-bearing and wear-resistant natural tissue with 
experimentally reported extremely low friction coefficients.[13] It is composed of 68-
85% water, 10-20% extracellular matrix (mostly collagen type II fiber), 5-10% 
proteoglycans, salts, and chondrocytes. Structural and composition properties change 
within a cartilage sample, and superficial, middle, and deep zones can be identified[1]. 
A number of lubrication mechanisms have been proposed to explain cartilage 
lubrication. These include hydrodynamic,[18] elasto-hydrodynamic,[19] squeeze-
film,[20-22] weeping,[23, 101] boosted,[24] boundary,[14-17] and interstitial fluid 
pressurization.[2, 25, 26]  
We recently measured the friction coefficient for mature bovine knee cartilage 
using a commercial pin-on-disc tribometer.[102] Depending on the experimental set up, 
the instrument can probe migrating as well as non-migrating contact area mechanisms. 
By comparing the friction coefficient as a function of time in the two experimental set 
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ups, we found strong evidence suggesting the importance of the interstitial fluid 
pressurization for lubricating cartilage. The ‘migrating contact area’ testing 
configuration allows the area on the cartilage on which pressure is applied (contact 
area) to change during sliding, while in the ‘non-migrating’ mode the cartilage area that 
is pressurized remains so during the entire experiment. Because of this difference, under 
migrating contact area conditions the lubrication due to interstitial fluid pressurization is 
maximized. Note that Morrell et al. demonstrated, using in vivo experiments, the 
importance of interstitial fluid pressurization in joint tribology.[41] Because 
maintaining high interstitial fluid pressurization is required for obtaining measurements 
with physiological relevance, we only consider the experimental set up that allows the 
contact area to migrate in the present study. 
Caligaris et al. designed a novel experimental set-up, which implements a 
migrating contact area mechanism, to study the friction of cartilage immersed in 
synovial fluid (SF). They reported continuously low friction coefficients.[3, 39]  When 
the experimental set up employed in our pin-on-disc apparatus probes the migrating 
contact area mechanism, the results obtained are semi-quantitatively similar to those 
obtained by Caligaris et al. 
Most literature reports on cartilage lubrication are conducted on samples with 
pristine surface properties. In this work we quantify the friction coefficient, measured 
under the migrating contact area mode, for cartilage samples whose surface has been 
mechanically damaged. The results are compared to those obtained for pristine samples 
under the same experimental conditions. Because of the slow regeneration typical of 
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cartilage, damaged cartilage likely leads to osteoarthritis (OA). Our experiments will 
test whether mechanically damaged surface yields higher friction coefficients. 
Under the migrating contact area configuration the pressurization of the interstitial 
fluid is maintained at elevated levels during the entire experiment. We use this 
experimental set up to test the importance of other lubrication mechanisms while the 
interstitial fluid pressurization is maintained elevated, with focus on boundary 
lubrication and the viscosity of the lubricants. Identifying the lubrication mechanisms 
most effective at lowering friction coefficients for mechanically damaged cartilage 
samples could help design formulations to mitigate mild OA symptoms. Boundary 
lubrication occurs when the fluid film separating two surfaces is thinner than the surface 
asperities. About 10% of the total area contributes to cartilage-cartilage contact under 
physiological conditions.[41, 103] It is expected that boundary lubrication becomes 
more important when high loads and slow sliding velocities are applied. It has been 
reported that boundary lubrication is important to prevent precocious joint degeneration 
when joint movement is not sufficient to establish hydrodynamic lubrication.[86, 104] 
The lubricant viscosity could affect hydrodynamic and elasto-hydrodynamic 
lubrication. However, hydrodynamic lubrication is precluded in the natural joint by the 
absence of unidirectional motion, and elasto-hydrodynamic lubrication appears not 
likely to occur based on pressure data.[41, 105] Although it is possible that 
hydrodynamic lubrication is present in our experiments because of the continuous 
circular motion, the natural roughness present on cartilage, thicker than the expected 
fluid film formed on the material, rules out the possibility of hydrodynamic lubrication. 
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It is however possible that the viscosity of the lubricant formulation affects the 
permeability of cartilage to interstitial fluid.  
To probe different lubrication mechanisms we change the composition of the 
lubricant solution, following in spirit Schmidt et al.[5, 6] These Authors probed the 
boundary lubrication mechanism for cartilage by increasing the concentration in PBS of 
various compounds typically present in synovial fluid (SF). SF is a complex aqueous 
mixture that contains, among other components, hyaluronic acid (HA), surface-active 
phospholipids (SAPL), superficial zone protein (SZP, also referred to as lubricin). 
HA,[67, 81, 82] SAPL,[33, 34, 82] and SZP[84-86] have all been found to reduce the 
friction coefficient for cartilage. Several SF components have been proposed as possible 
boundary lubricants, including SZP, HA and SAPL[84, 106, 107] although Chan et al. 
argued that only SZP plays a major role, while the effects of HA and SAPL are 
marginal.[86] Schmidt et al. reported that HA and SZP have synergistic lubrication 
effects when boundary lubrication is probed.[5] It should be pointed out, for 
completeness, that good lubrication is necessary, but not sufficient to maintain healthy 
cartilage in joints[108]. For example, Rhee et al. showed that in the absence of lubricin 
normal mice joints degenerate as the mice age,[109] and diseases might compromise the 
tissue integrity independently on weight-bearing activities. 
Because most of the experimental data just summarized have been obtained under 
non-migrating contact area conditions, it is of interest to understand the mechanism by 
which each SF component lubricates cartilage when the pressurization of the interstitial 
fluid is maintained elevated (migrating contact area conditions). We consider here HA, 
dissolved in PBS, and we compare the friction coefficient measured for this solution to 
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that measured in SF. HA is one of the SF compounds that is usually associated, among 
other biological function, with lubricating capabilities. It is also used in formulations to 
manage mild OA. We also consider a PBS solution containing polyethylene oxide 
(PEO) to assess the lubricating properties of a synthetic polymer. Both HA and PEO 
used in this study are hydrophilic linear molecules with comparable MW (~300,000 and 
100,000 Da, respectively), although HA is a polyelectrolyte and PEO is only partially 
charged. Comparing the lubricating properties of these two compounds could allow us 
to discover effective formulations for OA management. 
In an attempt to assess whether components from the lubricant formulations 
adsorb on cartilage, and therefore are likely to provide boundary lubrication, we 
employed a quartz crystal microbalance with dissipation (QCM-D). We prepared an 
adlayer of pre-adsorbed collagen type II on a hydroxyapatite sensor as a crude model 
for cartilage. QCM-D determines, with high sensitivity, the adsorption of various 
compounds onto a surface[110-112] QCM-D provides real-time measurements of 
frequency, and dissipation. Changes in vibration frequency are due mainly to the 
adsorption of compounds, while dissipation reflects changes in viscoelastic 
properties.[110-113] 
 
3.3 Experimental Procedures 
 
3.3.1 Experimental Protocol: Friction Coefficient Experiments 
We conducted the friction coefficient experiment under the alumina-on-pin vs. 
cartilage-on-disc (AC) testing configuration using a pin-on-disc tribometer (CSM, 
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model S/N 18-312). The experimental set up is described in section 2. All lubrication 
experiments were conducted at ambient conditions. In section 2, we concluded that the 
AC configuration probes lubrication within migrating contact area conditions, which 
maintains high interstitial fluid pressurization, consistently with what has been observed 
to happen during in-vivo experiments,[41] although physiological conditions cannot be 
reproduced because of practical limitations (e.g., the cartilage sample is used post-
mortem, alumina-cartilage contacts are sampled rather than cartilage-cartilage ones, a 
cartilage plug is used without the deep tissue). The hard material used for the pin 
(alumina sphere) is intended to mimic a prosthetic device. When cartilage specimens 
are placed both on the pin and on the disc, lower friction coefficients than those 
reported in this work are typically expected.  
The friction coefficient (µ=friction force/normal load) was measured under a 
continuous static normal load of 2 N (corresponding to an estimated nominal contact 
pressure of 0.63 MPa on a flat contact area of 2 mm in diameter, within the 
physiological range during human walking activities[41]). The constant sliding velocity 
of 1 mm/s was used for all experiments, following published literature for 
comparison.[3, 39, 74, 76, 114] The friction coefficient was monitored continuously by 
measuring the deflection of the elastic arm that holds the pin. Following our established 
protocol,[102] all friction tests were terminated after 20 laps, corresponding to a 
travelled distance of 377 mm. The average friction coefficient measured during the 1
st
 
lap is reported as the initial friction coefficient, µini. The plateau friction coefficient 
obtained by the 20
th
 lap is reported as the steady-state friction coefficient, µeq. Friction 
coefficients reported herein are average values from at least 8 independent 
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measurements conducted using 4 different cartilage samples (twice on each cartilage 
sample). All cartilage samples used in this work were obtained from three knees, and 
extracted from lateral and medial femoral condyles. The 4 samples used for determining 
one friction coefficient were not necessarily from the same knee. All experiments were 
conducted at ambient conditions. 
 
3.3.2 Cartilage Specimen Preparation 
Bovine knees of 15-30 months were purchased from Animal Technologies Inc. 
They were delivered within 3 days after slaughter. The knees were not frozen, but 
stored at ~4°C until dissection. Ball et al. reported that human osteochondral allografts 
show very limited decay within 7 days when stored at ~4°C.[115] Full depth 
osteochondral plugs (Ø=10 mm) were harvested from lateral and medial femoral 
condyles using a scalpel and 10mm biopsy punches. These osteochondral plugs were 
about 3 mm thick with deep zone tissues and then trimmed to maintain a constant 
thickness (1.3±0.2 mm) by removing the deep zone tissues parallel to the intact surface 
with a sledge microtome (Leica SM2000 R). After preparation, the specimens were 
frozen and stored at -20°C in PBS (pH 7.4) for no longer than 2 months.[3, 39, 73, 74, 
77, 78, 107, 116] It has been reported that storing articular cartilage at -20°C does not 
alter its mechanical properties.[117] 18.2 MΩ cm resistivity water was used to prepare 
PBS. The frozen cartilage plugs were thawed and soaked in PBS for 12 hours at 4°C 
before use. The plugs, of thickness 1.1-1.5 mm, were glued using cyanoacrylate glue on 
the alumina surface of the plate for testing in the AC configurations. 
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To prepare the damaged cartilage samples a sharp pin was used to inflict a circular 
incision, limited to the superficial zone, on some of the cartilage samples. The 
procedure was performed on the day the friction experiments were conducted. One 
cartilage sample was mechanically damaged yielding three degrees of impairment. On 
type I damaged cartilage samples only one circular incision was produced; on type II 
and on type III cartilage samples two and three circular incisions were inflicted, 
respectively (see Figure 3-1). The inflicted cuts did not remove the superficial cartilage 
tissue in the regions neighboring the cuts. It is possible that collagen fibers were 
rearranged near the cuts, although such perturbation was not quantified. We recognize 
that the damages inflicted with our procedure do not resemble those due to typical joint 
injuries. However, by inflicting a circular incision of constant diameter and centered on 
the sample center it is possible to continuously monitor the friction coefficient using our 
pin-on-disc tribometer, and therefore obtain reliable and reproducible results. This 
would not be possible with other types of surface damages (e.g., a pinhole). Despite 
limitations, our experimental set-up allows us to study the effects of superficial zone 
integrity on cartilage lubrication. It should be stressed that no data exist in the literature 
for the friction coefficient of damaged cartilage samples measured under migrating 
contact area conditions, which are probed by our experiments. Compared to alternative 
approaches, e.g. employing OA cartilage samples,[3] our superficial cuts allow us to 
test the effect of damages restricted to the superficial cartilage zone on the measured 
friction coefficient. Only type II damaged cartilages were used to measure friction 





Figure 3-1 Schematic diagram of three damaged cartilage surfaces. Because the width 
of the migrating contact area is ~2 mm, during the friction experiments the pin-surface 
contact always includes the circular incisions.  
 
 
3.3.3 Cartilage Surface Characterization 
A Nikon SMZ-10 camera was used to image the 10-mm diameter cartilage 
samples on which the incisions had been performed. Wet samples were dabbed dry with 
a lint-free towel, then depth measurements of the incisions were performed using a 
Nikon Optiphot 66 microscope with a brightfield/darkfield (BD) plan 20× differential 
interference contrast (DIC) objective lens (depth of field 3.5 µm). First, we focused on 
the bottom of an incision by adjusting the stage z-position. Then, we focused on the 
surface of the cartilage adjacent to the incision. The difference in the stage z-position 
gives the incision depth. The total estimated error is ~3 microns.  
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3.3.4 Lubricants Preparation 
Four aqueous solution groups were prepared: (1) The control solution was PBS. 
(2) Bovine synovial fluid (SF) purchased from Animal Technologies Inc. was used 
directly as lubricant. (3,4) The other two solutions were obtained by dissolving PEO or 
HA in PBS. These solutions contained 100mg/ml 100,000 Da MW PEO (Sigma-
Aldrich, St. Louis, MO, USA), and 10 mg/ml HA sodium substitute (Sigma-Aldrich, St. 
Louis, MO, USA, obtained from bovine vitreous humor). The HA used for this work 
was of MW ~300,000 Da, chosen to be comparable to the PEO MW. PEO was chosen 
because it is often used in biomedical applications, and because when used as lubricant 
for pristine cartilage, the 100,000 Da MW PEO solution yields much lower friction 
coefficients than PBS.[102] PEO and HA were used as received. 
 
3.3.5 Solution Viscosities 
A MERLIN self-contained rotational viscometer (REOLOGICA Instruments, 
Borden Town, NJ) was used to measure the steady shear-rate viscosity of each solution. 
The 25 mm bob and cup system with narrow gap was employed to measure viscosities 
at high shear rates at 25˚C. The viscosity of PBS and that of 100,000Da PEO in PBS 
were found to be constant over the shear rate range of ten to thousands s
-1
. In this range 
the viscosity of PBS was ~1 cp. The viscosity of PBS containing PEO was ~80 cp. The 
lubricant formulations containing HA and SF show shear thinning, i.e. the viscosity 
decreases as the shear rate increases.  The shear rate during the lubrication experiments 
is estimated in ~ 1000 s
-1
, calculated by assuming a distance of 1 µm between alumina 
pin and cartilage sample, which corresponds to the cartilage surface roughness.[77] The 
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sliding speed of our lubrication experiments is 1 mm/s. The viscosity of PBS containing 
HA and that of SF at the shear rate of 1000 s
-1 
are ~75 (comparable to that of PBS 
containing PEO) and ~8 cp, respectively. It should be pointed out that PBS containing 
HA shows viscosities larger than ~80 cp at low shear rates, while SF has maximum 
viscosity of ~65 cp found at the shear rate of 20 s
-1
. Details are reported in Appendix C 
Figure 7-26. 
 
3.3.6 Quartz Crystal Microbalance with Dissipation (QCM-D) 
All adsorption experiments were conducted at T=25±0.05°C by a QCM-D, model 
E4, purchased from Q-Sense AB. Because the QCM-D data depend on solution 
viscosity and density, all lubricant solutions were diluted in PBS and showed viscosity 
and density similar to those of PBS. Both PEO and HA solutions were diluted to the 
concentration of 1 mg/ml for the QCM-D experiments. SF was diluted 20 times with 
PBS, after being clarified by centrifugation at 20,000×g at 4˚C for 30 minutes. 
Centrifugation was necessary to avoid interference between dust and QCM-D sensors. 
No centrifugation was performed for the SF used in lubrication experiments. Collagen 
type II (Sigma C1188) was first dissolved in 0.5 M acetic acid at 1 mg/ml, and then 
diluted to 50 µg/ml with PBS (pH ~6). All substrates used were 10 nm hydroxyapatite 
(QSX 327), purchased from Q-Sense AB.  
Every measurement started by first obtaining a baseline for the hydroxyapatite 
crystals in contact with PBS. Then the PBS solution containing collagen was pumped 
through the QCM-D sensors for 1 hour to form a collagen adlayer. After 6-7 hours, PBS 
was pumped through the chamber for 30 minutes to wash away all unbounded collagen. 
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After ~2 hours one of the PBS lubricant solutions was injected for 1 hour to study the 
adsorption of PEO, HA, and SF on the collagen adlayer. Solutions were pumped 
through the instrument using an Ismatec peristaltic pump at a constant flow rate of 75 
µl/min. QCM-D experiments were repeated at least twice.  
 
3.3.7 Statistical Analysis 
Mean and standard deviation were calculated and the statistical significance of the 
differences in the friction coefficients measured was determined. A one-way analysis of 
variance (ANOVA) with Tukey’s HSD post hoc test was used to compare the steady-
state and initial friction coefficients for the various cartilage samples. Differences 
between the friction coefficients obtained under different lubricant solutions on type II 
damaged cartilages were analyzed in the same manner. All statistical analyses were 
carried out using PASW Statistics 18 (SPSS Inc., Chicago, IL); α was set to 0.05 and 
the statistical significance was accepted for p<0.05. 
 
3.4 Results and Discussions 
 
3.4.1 Cartilage Characterization 
The surface morphology of type III mechanically damaged cartilages is shown in 
Figure 3-2. The damaged cartilage shows circumferential incisions, which are irregular, 
with both straight and jagged portions. The upper and lower insets are DIC images from 
two different positions. For both insets the left image is focused on the incision bottom, 
and the right is focused on the surrounding cartilage. The stage z-position difference 
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from the upper inset gives an incision depth of 40±3 µm, that from the lower inset 68±3 
µm. Although the incision depth is not constant within a sample, most of the damaged 
cartilage samples yield incision depths no deeper than about 100µm (less than 10% of 
the thickness of the cartilage plug glued to the alumina plate).      
 
Figure 3-2 Low magnification stereo zoom image of an entire 10-mm diameter wet 
sample of type III damaged cartilage showing circumferential incisions. The insets 
show higher magnification images. The left (right) inset has the bottom (surrounding 
surface) of the incision in focus. The upper and lower insets are for two different 
positions within one incision. 
 
 
3.4.2 Friction Coefficients 
In Figure 3-3 we report the measured friction coefficient for pristine and 
mechanically damaged cartilage samples in PBS. For the pristine cartilage µeff is found 
to decrease with time from a maximum of 0.065±0.016 to a steady-state value (μeq) of 
0.050±0.006. The plateau is reached within 10 laps after starting the experiment, 
consistent with our prior results[102]. Although the time-dependent friction coefficients 
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for type Ι and type II damaged cartilages show similar profiles as obtained for pristine 
cartilage, the measured  increases with the number of incisions. The initial  for type Ι 
and type II cartilages are 0.066±0.010 and 0.074±0.013; and μeq are 0.055±0.008 and 
0.062±0.007, respectively. For type III damaged cartilage, the results show an irregular 
behavior. The initial μ is larger than those measured for all other samples (0.084±0.014), 
it then decreases as the lap number increases to ~5, but then it increases irregularly as 
the lap number increases further. This erratic behavior is probably due to incipient wear, 
although such possibility has not been quantified, as discussed below.  
We investigated how different lubricant formulations affect the measured friction 
coefficient. The steady-state friction coefficients from pristine cartilage samples 
lubricated with 4 solutions are reported in Figure 3-4, left. SF, as well as lubricant 
formulations containing HA and 100,000Da PEO decrease μeq compared to results 
obtained in PBS. The friction coefficient decreases from 0.050±0.006 in PBS to 
0.040±0.003 in SF, 0.041±0.005 in HA and 0.037±0.003 in PEO. 
We only conducted friction coefficients experiments in solutions other than PBS 
for type II damaged cartilage samples because these samples show the largest μeq while 
maintaining a dependency of the measured μ as a function of lap number similar to that 
observed in pristine cartilage (Figure 3-3). In Figure 3-4, right, we compare μeq 
measured for type II damaged cartilage samples in all the lubricant solutions 
considered. μeq decreases from 0.062±0.007 in PBS to 0.043±0.003 in SF, 0.047±0.004 
in HA and 0.039±0.002 in PEO. 
The trends observed when the initial friction coefficients are considered for both 
intact and damaged cartilages are similar to those just discussed, and are reported in the 
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bottom panels of Figure 3-4. The main difference is that the initial friction coefficient is 
always larger than the steady-state one 
 
Figure 3-3 Time-dependent friction coefficient, µeff, obtained in the alumina-on-pin vs. 
cartilage-on-disc testing configuration. During the friction experiment 20 laps 
correspond to a sliding distance of 0.377 m and 377 seconds. Filled circles (●) are for 
the friction coefficient from pristine cartilage samples; empty circles (○) are for type Ι 
cartilage; black inverse triangles (▼) are for type II cartilage; empty triangles (Δ) are 
for type III cartilage.  p<0.05 for steady-state friction coefficient of pristine vs. damaged 
(type II, III) cartilage samples. Error bars are not shown for clarity, but they are reported 







Figure 3-4 Left: comparison among steady-state and initial friction coefficients, µeq and 
µini, measured for pristine cartilage samples lubricated with 4 different solutions. For 
µeq, p<0.01 for PBS vs. other lubricants; p>0.05 for *, % and $. Right: comparison 
among µeq and µini, measured for type II damaged cartilage samples. For µeq, p<0.01 for 
PBS vs. other lubricants and p<0.05 for PEO vs. HA; p>0.05 for †, #, % and $. The 
experiments were conducted at ambient conditions. 
 
 
3.4.3 Quartz Crystal Microbalance with Dissipation Measurements 
The QCM-D signals (frequency and dissipation) at the 9
th
 harmonic as a function 
of time are shown in Figure 3-5 for 2 separate experiments. The experimental results 
shown on the left panel are obtained by injecting the following sequence of solutions: 
(Ι) collagen type II, (II) PBS, and (III) 100,000Da PEO in PBS. The data can be divided 
in 3 regions. In region Ι the frequency decreases as a function of time, because collagen 
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type II adsorbs on the hydroxyapatite surface. After ~7 hours, ∆f and ∆D no longer 
change. At ~8 hours PBS was injected to wash the surface of unbounded collagen 
(region II). The frequency increases because collagen molecules desorb. For 
completeness, it should be noted that the solution pH changes from ~6 to 7.4 during the 
PBS wash. The pH change could be responsible for collagen desorption. The pH will 
then remain constant for the subsequent steps. The collagen type II adlayer remaining 
on the hydroxyapatite surface was considered as a crude representation of a cartilage 
surface, despite a number of clear differences (e.g., the adlayer is thin compared to 
cartilage, it is only composed by collagen type II molecules, etc.) After washing is 
complete, the PEO solution is injected. The data (region III) show no clear change in 
either ∆f or ∆D. These data suggest that at the condition considered herein PEO does 
not adsorb on the collagen adlayer. Results obtained when the HA solution in PBS was 
used instead of the PEO solution are analogous to those just discussed, and are 
consistent with no HA adsorption on the collagen adlayer. 
The experimental results shown on the right panel of Figure 3-5 are obtained by 
injecting the following sequence of solutions: (Ι) collagen type II, (II) PBS, and (III) a 
PBS solution of SF. As shown in Figure 3-5, right panel, the QCM-D results obtained 
when SF was injected after the PBS wash are more complicated. In region III the 
frequency decreases from the values observed after the PBS wash, reaches a minimum, 







Figure 3-5 Frequency and dissipation shift at the 9
th
 harmonic (n=9) measured by 
QCM-D as a function of time, while various PBS solutions were injected on a 
hydroxyapatite crystal. Dash line corresponds to frequency; solid line corresponds to 
dissipation. The left panel is for the following sequence of injected PBS solutions: 
collagen type II, PBS wash, and PEO. The right panel is for data obtained when instead 





Time-dependent friction coefficient data collected for pristine cartilage samples in 
PBS under the AC testing configuration are similar to those discussed at length in our 
prior work,[102] and are consistent with those reported by Caligaris and Ateshian.[39] 
These results are consistent with the widely accepted notion that the structure of healthy 
cartilage, by itself, is responsible for the typical extremely low friction coefficients.[16] 
It should however be pointed out that in our experiments motion is unidirectional, while 
physiological articular motion is not. Complex experimental apparatuses able to 
measure instantaneous friction coefficients would be required to test cartilage 
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lubrication in multi-directional motion. Such apparatuses could also be used to measure 
friction coefficient in correspondence of localized cartilage damages, e.g., pin holes. 
When the cartilage samples bear mechanically-inflicted incisions, the measured 
friction coefficients increase with the number of incisions. These results appear to be in 
conflict with a recent report by Caligaris et al.[3] These Authors measured the friction 
coefficient for cartilage samples degraded, to different degrees, because of 
osteoarthritis, OA. Visual inspection, mechanical testing and biochemical essay were 
used to quantify the level of OA degeneration. The friction coefficients measured in 
PBS showed no correlation with the level of OA degeneration. Those measured in SF 
also did not show correlation with the level of OA degeneration, although they were 
lower than those measured in PBS. Mechanical testing included stress-strain curves, but 
the integrity of the cartilage surfaces was only observed visually (significant surface 
degradation was visible). It is possible that the discrepancy between our observations 
(the friction coefficient measured in PBS increases as cartilage is mechanically 
damaged) and those of Caligaris et al. (no correlation was found between friction 
coefficient and OA degeneration) is due to the incisions inflicted in our samples. Note 
that the incisions are located within the contact area between the alumina sphere and the 
cartilage. Such incisions are expected to increase the cartilage surface roughness, and 
could compromise, to some extent, the lubrication due to interstitial fluid pressurization. 
It should be pointed out that OA affects not only the cartilage tissue, but the SF 
composition as well.[118] To quantify how OA affects cartilage lubrication, one should 
conduct experiments in which synovial fluid extracted from OA joints is employed. The 
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results presented herein are limited to the quantification of lubrication capabilities of 
HA and PEO dissolved in PBS as compared to those observed for SF. 
When three incisions are inflicted within the contact area between the alumina 
sphere and cartilage, the large measured friction coefficient shows erratic behavior. It is 
possible that these many incisions promote cartilage wear during the friction 
experiments. We did not further characterize wear during our experiments, although we 
recognize its importance in OA management.[119] Because static friction coefficients 
could help rationalize wear, we reported in Figure 3-4, bottom panels, data for the 
friction coefficients measured at the beginning of our experiments (ini). The trend is 
analogous to that observed for eq and therefore not discussed further for brevity. 
In the presence of SF and lubricant formulations containing PEO or HA the 
friction coefficient of both intact and damaged cartilage samples decrease significantly 
compared to results in PBS. The friction coefficients obtained in our experiments in 
PBS and SF, ~0.5 and ~0.4, are larger than, but comparable to those reported by 
Caligaris et al. (~0.25 and ~0.2 in PBS and SF, respectively[3]) The difference could be 
due to different contact stress (Caligaris et al. employed ~0.2 MPa, while in our 
experiments the contact stress is ~0.63 MPa), to the different level of cartilage surface 
damage, and to the different experimental set up. No data are reported in the literature 
for friction coefficients measured under the migrating contact area experimental set up 
for cartilage (either intact or damaged) in the presence of lubricant formulations 
containing HA or PEO. 
When SF, or PBS solutions containing HA or PEO are used, the steady-state 
friction coefficients measured for mechanically damaged cartilage are only marginally 
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larger than those measured for the pristine samples. It appears that the level of surface 
damage inflicted on the cartilage samples used in our experiments is large enough to 
yield different friction coefficient when PBS is the lubricant, but not when SF, or PBS 
augmented by HA or PEO are used. Further, our results suggest that, although the 
structure of cartilage is for the most part responsible for the lubrication of the pristine 
material, when the mechanical integrity of the sample is compromised, lubrication 
mechanisms due to the components present in the interstitial fluid might become 
essential. Our data suggest that the lubrication ability of HA is slightly less than that of 
SF, probably because SF contains many effective lubrication components including 
SZP and SAPL, in addition to HA. This interpretation is consistent with available data, 
obtained under the non-migrating contact area configuration, according to which HA 
and SZP have synergistic lubrication effects.[5]  
Our results show that the synthetic polymer PEO is an effective lubricant for both 
pristine and damaged cartilage samples. For pristine cartilage, this finding agrees with 
previous data from our group[102] and others[76], although data from Basalo et al. 
were obtained under the non-migrating contact area configuration.  No literature data 
are available to compare the friction coefficients reported here for PEO on damaged 
cartilage. Understanding the mechanism by which PEO provides such excellent 
lubrication could aid osteoarthritis management, and also could lead to the design of 
high performance lubricants for advanced applications. Toward this objective future 
work should consider the friction coefficient at the cartilage-cartilage interface [68, 120] 
as well as cartilage wear.[119] 
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The experimental set up used here is designed to enhance the interstitial fluid 
pressurization. HA and PEO affect PBS viscosity,[81, 88, 121, 122] which is 
responsible for load transfer across the interfaces, and might affect the cartilage 
permeability to interstitial fluid. Under experimental configurations designed to test 
boundary lubrication, HA was found to provide lubrication both by itself and in 
synergism with lubricin.[5] In the case of pristine cartilage samples, our prior results 
show that increasing the viscosity of the lubricating solution can lower the measured 
friction coefficients.[102] Our friction coefficient results for both pristine and 
mechanically damaged cartilage samples in the presence of HA and PEO could be 
explained by the increased viscosity of the PBS solutions due to the dissolution of these 
compounds. Because increasing the HA and PEO MW increases solution viscosity, it is 
expected that employing higher-MW samples of both polymers would lower the 
measured friction coefficient for both pristine and mechanically damaged cartilage. 
Note that data along these lines were reported for PEO and pristine cartilage.[102] 
However, the viscosity of SF, under the shear rates considered in our experiments, 
while slightly larger than that of PBS, is much lower than that of PBS solutions 
containing HA and PEO (see Materials and Methods). Thus viscosity alone cannot 
explain our data.  
Our QCM-D results show that neither HA nor PEO strongly adsorb on collagen 
type II, under the experimental conditions considered. We point out that the HA 
concentration in the formulations used in our QCM-D experiments (1 mg/ml) is within 
the range of HA concentration in human SF.[123, 124] The lack of HA adsorption on 
collagen is likely due to electrostatic repulsions between negatively charged collagen 
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and anionic HA molecules. The fact that HA and PEO do not seem to adsorb on 
collagen adlayers suggests, but cannot prove, that boundary lubrication is not 
responsible for the low friction coefficients measured in the presence of these two 
lubricants. In fact, experiments by others show that HA provides lubrication via a 
boundary mechanism.[5] QCM-D observations could complement other investigations 
available in the literature conducted to identify lubrication mechanisms in cartilage.[88, 
108, 125] 
The QCM-D results collected for SF show evidence of adsorption on collagen. 
This adsorption is most likely due to lubricin, as it has been reported that lubricin 
concentration is higher on cartilage than in SF[107] and that lubricin yields networks on 
cartilage surfaces.[80] The QCM-D results are also consistent with a reconstruction of 
the collagen molecules within the adlayer, which could occur as a consequence of 
SAPL or lubricin adsorption. Following this rearrangement, the collagen adlayer 
becomes stiffer, maybe loses some collagen molecules, and some of the water 
molecules trapped within the adlayer are expelled.  These results are consistent with 
boundary, but also with interstitial fluid pressurization lubrication mechanisms, as SF 
could increase the interstitial fluid osmotic pressure and affect the cartilage permeability 
to interstitial fluid.  
In conclusion, our results suggest that several phenomena contribute to lubricate 
cartilage. The tissue is highly hydrated, favoring the pressurization of interstitial fluid 
pressurization. This mechanism can be enhanced by increasing the viscosity of the 
interstitial fluid, and maybe also via interactions between compounds present in the 
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interstitial fluid and the molecular components of cartilage. A detailed understanding of 






















4. Interactions between Single Walled Carbon Nanotubes (SWNTs) 
and Phospholipid Bilayers 
 
4.1 Introduction 
Carbon nanotubes (CNTs), a member of the carbon allotropes family, are 
constituted of cylinders of graphene sheets, open or closed at the extremities. CNTs can 
be either single walled carbon nanotubes (SWNTs), which have diameters in the range 
of 0.4-2.0 nm and lengths of a few micrometers, or multi-walled carbon nanotubes 
(MWNTs), which have diameters and lengths up to 100 nm and several micrometers, 
respectively. Both SWNTs and MWNTs exhibit unique physical, chemical, and 
electrical properties that made them an attractive material for electronic applications, 
medical diagnostics and drug delivery.[42, 43] Experimental data suggests that CNTs 
can deliver drugs, antigens, and genes into both prokaryotic and mammalian cells[58, 
60, 126-129]. CNTs translocate the plasma membrane of human cell lines such as HeLa 
and epithelial carcinoma cells.[57, 130]  
The enthusiasm for using CNTs in medical applications was mitigated by reports 
on their toxicity. For example, SWNTs exhibit cytotoxicity to human[51, 52] and 
animal cells[53, 54]. Besides in vitro experiments, Lam et al. conducted experiment in 
vivo and found that pristine hydrophobic CNTs accumulated in the lungs of rats, and 
possibly cause granulomas[53].  
As the literature on the subject evolves, experimental results have indicated that 
the toxicity of CNTs relies on multiple factors, including the purity and the type of 
CNTs, their functionalization,[54-56] and possibly both cell-culture media and cell type 
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used in the experiments.[57, 58] Crouzier et al.[59] reported that purifying SWNT 
significantly reduced the lytic effect on red blood cells. Kang et al.[131] assessed the 
antibacterial effects of well-purified and characterized CNTs towards Escherichia coli 
and found that SWNTs were much more toxic than MWNTs. An interesting follow up 
study by Vecitis et al.[132] took advantage of recent developments in density gradient 
ultracentrifugation techniques for the separation of metallic and semi-conductive 
SWNTs of similar length and diameter. When samples containing <5%, ~30%, or >95% 
metallic SWNTs were compared, the authors found that the cytotoxicity towards 
Escherichia coli increased with the fraction of metallic SWNTs. 
Experiments also suggested, perhaps not surprisingly, that the type of CNT 
functionalization affected cellular uptake, maybe even changed the uptake 
mechanism.[60, 61] Singh et al.[62] synthesized twelve polyamine-modified SWNTs 
and MWNTs, most of which showed reduced cytotoxicity for human lung epithelial 
A549 cells exposed to the CNTs for 24 and 72 hours. Some of these CNTs managed to 
efficiently complex siRNA, as assessed by gel electrophoresis, and were internalized by 
A549 cells, reinforcing the possibility of using these materials for gene delivery and 
silencing. Although chemical functionalization appeared to alleviate the cytotoxicity of 
CNTs, surfactants may not provide such a benefit. In an interesting comparative study, 
Liu et al.[63] studied the cytotoxicity of SWNTs to bacteria. They dispersed SWNTs 
using both the nonionic surfactant Tween 20 and the anionic surfactant sodium cholate 
(SC). Tween 20 was found not to be cytotoxic, while SC was found to decrease the 
bacteria survival rate. It would be interesting to understand why chemical 
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functionalization of the CNTs reduces their cytotoxicological properties, while physical 
functionalization using surfactants does not yield similar effects. 
The results summarized above suggest that significant progress is being made in 
understanding the toxicity of CNTs on living cells. Unfortunately, the phenomenon is 
still not completely understood and sometimes even contradictory results are reported. 
Taking the effect of SWNT aggregation on cytotoxicity as an example, Liu et al. 
reported that individually dispersed SWNTs were more toxic than bundled or 
aggregated SWNTs;[63] while Mutlu et al. found that the toxicity of SWNTs was 
attributable to their aggregation.[64] 
A number of detailed theoretical studies have been conducted to investigate the 
interaction between CNTs as well as that of other nanomaterials, and phospholipid 
membranes, specifically phospholipid membranes, in order to understand from a 
fundamental point of view the experimental data summarized above. For example, 
Wallace and Sansom[133] simulated one CNT moved at constant velocity across a di-
palmitoyl-phosphatidylcholine (DPPC) bilayer and found that as the CNT pierced the 
membranes it extracted lipid molecules from the bilayer. The lipid molecules could 
adsorb on the exterior as well as in the interior of the CNT, suggesting the possibility of 
pore blocking due to the lipid molecules. Hofinger et al.[134] recently simulated CNTs 
in the phospholipid bilayers. The nanotubes were found to preferentially reside within 
the membrane. When the CNTs were short (length of 2nm), they aligned parallel to the 
lipid molecules (perpendicular to the membrane), but as the nanotube length increased 
the CNTs preferentially placed parallel to the membrane. A few experimental studies 
have also been conducted to document the interactions between nano-materials and 
74 
phospholipid membranes. For example, Rasch et al. reported cryogenic TEM images 
that prove that gold nanoparticles can be loaded within liposome membranes.[135]  
Karchemski et al. found that surface functionalized CNTs could conjugate to liposomes 
by an amide bond between the carboxylic groups from functionalized CNTs and the 
amine groups from the L-α-phosphatidylethanolamine, using cryogenic TEM.[136] 
To complement the data available in the literature, we have conducted 
experiments to study the interaction between SWNTs and phospholipid membranes. 
The phospholipid membranes, prepared in the form of liposomes, are considered as a 
minimal model for cellular membranes. The nanotubes will be purified and 
characterized to the best of our abilities, to prevent effects due for example to impurities 
from interfering with the interpretation of our results. The SWNTs are stabilized in 
aqueous dispersions using the surfactant sodium dodecyl benzene sulfonate (SDBS). To 
separate the effect of SDBS on the liposomes, dialysis experiments and a number of 
control tests are conducted. Because SDBS is effective at stabilizing aqueous 
dispersions of carbon nanotubes at low ionic strength, our experiments are conducted at 
such conditions. Preliminary experiments in phosphate buffer saline (PBS) lead to 
SWNTs precipitation. We seek to answer the question: Is it possible that SWNTs, 
dispersed in aqueous solutions, adsorb into phospholipid membranes and eventually 
disrupt them? Understanding how SWNTs interact with phospholipid membranes will 
both contribute to preventing adverse health effects due to SWNTs, and enable the 
applicability of SWNTs in advanced scientific areas such as controlled drug delivery 
and/or gene and cancer therapy.  
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4.2 Experimental Procedures 
 
4.2.1 Materials  
The high purity SWNTs (CNT>98%, SWNT 80-95%, (6,5) SWNT 30-40%) were 
provided by SouthWest Nanotechonologies Inc. (SWeNT). They were used as received 
without further purification. However, please note that the residual catalysts in the 
sample can be removed during the dispersion treatment of SWNTs.[137] The average 
diameter of the SWNTs present in the samples used for our experiments is ~0.8nm, as 
estimated based on their chiralities. 
Egg L-α-phosphatidylcholine (egg-PC) and cholesterol were purchased from 
Avanti Polar Lipids Inc. (purity>99%). Calcein dye and sodium dodecyl benzene 
sulfonate (SDBS) (purity>98%) were purchased from Sigma-Aldrich and Tokyo Kasei 
Kogyo Co. Ltd., respectively, and used as received.  
Sephadex-25 desalt columns (HiTrap
TM
) were purchased from GE Healthcare.  
Dialysis membranes with the molecular weight cut off of 8,000-10,000 were obtained 
from spectrum laboratories Inc. 18.2 MΩ cm resistivity water was used for all 
applications in this work. All other chemicals were obtained from Sigma-Aldrich. 
 
4.2.2 Preparation of Liposome Suspensions  
The liposome suspensions for dialysis were prepared following a sonication 
method.[138, 139] In the sonication method 20mg egg L-α-phosphatidylcholine (egg-
PC) and 2mg cholesterol were mixed in 5mg chloroform in a glass tube. Then the 
chloroform was removed under a nitrogen stream at room temperature to obtain a dry 
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film of lipid mixture. The dry film of lipid mixture was kept under vacuum to avoid 
oxidation as well as further remove chloroform and other impurities. Prior to use the dry 
lipid film was hydrated using 22ml water for 30 minutes followed by 30 minutes 
sonication using a horn sonic dismembrator at 25% power output (Model 500, Fisher 
Scientific). The 1mg/ml liposome suspension was finally extruded through a polycarbon 
membrane with the pore size of 400nm (Avanti Polar Lipids Inc.) at room temperature 
to obtain the liposome suspension. 
The liposomes for dye-leakage experiments were prepared following a 
freeze/thaw process.[140] The freeze/thaw method is described below in the section 
4.2.5. 
All liposomes were composed of egg-PC and cholesterol. PC is the major 
component of biological membranes. Cholesterol is used to increase the stability of the 
phospholipid bilayer.[141, 142] 
 
4.2.3 Preparation of SWNT Dispersions  
SWNTs were dispersed in water using the sonication method proposed by Tan and 
Resasco[143]. 5mg of SWNTs and 125mg of SDBS were added to 25ml of water in a 
95ml vial. The aqueous system was sonicated for 1 hour with a horn sonic 
dismembrator at 25% power output (Model 500, Fisher Scientific). The suspension was 
then centrifuged in an automatic centrifuge (Centrifuge 5424, Eppendorf) at 15,000 rpm 
for 30 minutes. Then the upper supernatant dispersion was collected and further 
processed with a second cycle of sonication and centrifugation. The upper supernatant 
dispersion collected after the second centrifugation was used as the SWNT dispersion 
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for our experiments. The SWNT dispersions so obtained were used within the first 2 
weeks after preparation.  
 
4.2.4 Dialysis 
We attempted to remove SDBS by the dialysis method to minimize the effects of 
surfactants on liposomes and therefore to study exclusively the interactions between 
liposomes and pristine SWNTs. Several dialysis experiments were conducted, including 
(a) mixtures containing liposome suspensions and SWNT dispersions (LIPO+SWNT); 
(b) mixtures containing water and SWNT dispersions (W+SWNT); and (c) mixtures 
containing water and 5mg/ml SDBS aqueous solutions (W+SDBS). The aqueous 
solution of 5mg/ml of SDBS was used because the SWNT dispersions were prepared 
with the same SDBS concentration. All the above mixtures were produced by 
combining a 1:1 volume ratio (e.g., 1 ml of water and 1 ml of SWNT dispersion). A 
fourth dialysis set of experiments (d) was conducted by mixing the liposome suspension 
and the SWNT dispersion at the volume ratio of 4:1 (4_LIPO+SWNT). 
2ml mixtures of LIPO+SWNT, W+SWNT and W+SDBS or 1.25ml mixture of 
4_LIPO+SWNT were dialyzed through dialysis membrane (hydrophilic cellulose ester 
membrane, purchased from Spectrum
@
 Laboratories Inc.) in 200ml water, respectively, 
under gentle shaking.  The molecular weight cut off of the dialysis membrane was 
8,000-10,000, which should allow SDBS molecules to diffuse across the membrane 
while preventing the cross of both SWNTs and liposomes. 
During the dialysis experiment the SDBS concentration in the bulk water was 
monitored by UV-vis spectrophotometer (UV-2450PC, Shimadzu) at the wavelength of 
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223nm. We will monitor the absorbance intensities at 223nm in the bulk as a function of 
dialysis time. The SDBS concentration can be calculated based on its absorbance 
intensity. By knowing the initial SDBS concentration of inside the dialysis cell before 
dialysis, the liquid volume within the dialysis cell, the liquid volume of the bulk water 
out of the dialysis cell, and the change of SDBS concentration in the bulk water out of 
the cell during the experiment, we calculated the SDBS concentrations inside the 
dialysis cell. 
 
4.2.5 Dye-leakage from Liposomes 
To monitor the disruption of liposomes, we encapsulated a fluorescent dye 
(calcein) within liposomes for conducting leakage measurements. 2.5ml chloroform 
solution containing 10mg egg-PC and 1mg cholesterol was mixed in a 10ml round-
bottom flask. Chloroform was then removed at room temperature using a nitrogen 
stream, while forming a dry film of lipid mixture. The dry film was kept in a vacuum 
chamber to avoid oxidation as well as further remove cholesterol and other impurities. 
The dried film was then hydrated with 2ml 40mM aqueous calcein solution for 30 
minutes. The calcein aqueous solution was adjusted to pH=~7.4 by sodium hydroxide 
before being used. The mixture was vortexed for 3 minutes and then subjected through 
five cycles of freeze/thaw by using liquid nitrogen and warm water. In between each 
cycle, the solution was sonicated using a bath sonicator (Model 08855-10, Cole Parmer) 
for 1 minute.  After the five freeze/thaw processes, the liposome suspension was 
extruded through a polycarbon membrane with pore size of 400 nm (Avanti Polar 
Lipids Inc.) at room temperature. The non-trapped calcein was removed by eluting 
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through a size-exclusion Sephadex G-25 column. The liposome suspension collected 
from the exclusion column was diluted 10-fold with water prior to any leakage 
experiments. 
Calcein leakage from the liposomes was monitored by recording the increase of 
fluorescence intensity at 528nm (excitation at 495nm, slit width 20) using a plate reader 
(Synergy HT, Bio-Tek), after adding 5μl reagent to 300μl of liposome suspension. Pure 
water, 0.2% Triton X-100 (polyoxyethylene 10 isoctylphenyl ether) in aqueous solution, 
SDBS in aqueous solution, SWNT dispersions, and SWNT dispersion with a low SDBS 
concentration were used as additions.  The SWNT dispersion with a low SDBS 
concentration was obtained by a 4-day dialysis of 2ml W+SWNT sample in 200ml 
water. Triton X-100 was chosen to conduct a control experiment because this surfactant 
is known to disrupt phospholipid bilayers, hence causing calcein leakage.[140] 
To calibrate the calcein leakage results, we used two test experiments. The first 
was expected to show no leakage, the second is expected to show maximum leakage. In 
the first experiment 300μl of the liposome suspension were added to 5μl of pure water. 
The results showed no change of fluorescence intensity within 4 minutes, and the 
correspondent fluorescence was used to define 0% leakage. Complete liposome 
disruption was achieved by adding 5μl of the 0.2% Triton X-100 aqueous solution to 
300μl of the liposome suspension. The fluorescence reading intensity after 4 minutes 
was used to benchmark ‘100% leakage’. The leakage readings obtained during other 
experiments are reported below as “% leakage”, which is the fraction of the total 
leakage caused by Triton X-100.  
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4.2.6 Characterization Techniques 
SWNTs were characterized by UV-vis (UV-2450PC, Shimadzu) and Raman 
spectroscopies (JY Horiba LabRam 800). The Raman spectrum was detected using dry 
SWNTs after sonication. To prevent interference, excess SDBS was removed by a 4-
day dialysis. NIR fluorescence spectra were measured with a NS2 nanospectralyzer 
(Applied NanoFluorescence, Houston, TX) to determine the dispersion quality of 
SWNT dispersions. The results were obtained using 532nm and 783nm diode laser 
excitations. 
Dynamic light scattering (DLS) was employed to estimate the size of liposomes in 
water. Transmission electron microscopy (TEM) with negative stain was used to 
visualize liposomes in water. For the TEM with negative stain method, lacey carbon 
copper TEM grids (Electron Microscopy Sciences) were used to adsorb liposomes from 
the liposome suspension. The liposome samples were then stained in 2 % uranyl acetate 
aqueous solution for 30 seconds and dried at room temperature. The specimens were 
observed on a JEOL JEM-2000FX instrument with an accelerating voltage of 200kV. 
The freeze-fracture TEM was used to visualize systems composed by liposomes 
and SWNTs in water. The samples used for these experiments were LIPO+SWNT on 
the 4
th
 day of dialysis. Freeze-fracture samples were prepared by plunging the sample 
into a liquid Freon 22 bath cooled by liquid nitrogen. This process is expected to vitrify 
the water inside the sample. The samples were then fractured in vacuum with a 
microtome. The fractured samples were replicated with approximately 5nm platinum 
deposition at a 45 degree angle, followed by ~100nm carbon deposition normal to the 
surface. The replicas were dissolved in chromic acid (50% sulfuric acid, 10% sodium 
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dichromate and water) at room temperature for about 24 hours, and then washed in 
distilled water 3 times to removed residual impurities before being collected on copper 
TEM grids (Electron Microscopy Sciences). The specimens were then analyzed using a 
JEOL JEM-2000FX instrument with an accelerating voltage of 200kV. 
 
4.3 Results and Discussions 
 
4.3.1 Liposome Suspensions 
One picture of one liposome suspension in which the liposomes are composed of 
egg-PC and cholesterol following the sonication method is shown in Figure 4-1 A. The 
sample exhibits the opalescence characteristic of liposome suspensions. Because the 
liposomes are roughly spherical, dynamic light scattering (DLS) was used to estimate 
their size. The results show that the average diameter of the liposomes from at least 10 
different batches is ~150±40nm. According to the literatures, the liposomes which have 
the diameter of 200nm or smaller should represent uni-lamellar liposomes.[135]  Figure 
4-1 B is a TEM image of liposomes using the negative stain method. The diameters of 
the liposomes observed in TEM images are consistent with the estimates from DLS 
experiments, although a wide range of diameters are observed, from ~20nm to ~400nm.  
However, visual inspection of the TEM images suggests that liposomes larger than 
250nm are very few in our samples. The liposomes made from the freeze-thaw method 
have a similar average diameter to those from the sonication method after the column 




Figure 4-1 Picture of one sample containing a liposome suspension prepared by 
sonication method (A). TEM image of liposomes with negative stain method (B). The 
scale bar on the right panel is 200nm.  
 
 
4.3.2 SWNT Dispersions 
One picture of an aqueous dispersion containing SWNTs stabilized by SDBS is 
shown in Figure 4-2 A.  Most SWNTs in the dispersion are expected to be individual or 
in small bundles according to the literature.[143] The SWNT dispersion is stable in the 
presence of SDBS for as long as 2 months. For consistency, all the SWNT dispersions 
used in the present work were used within 2 weeks after preparation to ensure high 
dispersion quality. One representative Raman spectrum obtained from the dry SWNTs 
after sonication is reported in Figure 4-2 B. Raman spectroscopy is typically employed 
to evaluate the quality of SWNTs and to estimate the presence of defects based on two 
characteristic bands, an intense band centered below 1600cm
-1
, typical of sp2 carbon 
atoms (G band), and a smaller band centered at around 1300cm
-1
, typical of sp3 carbon 
atoms and associated with defects (D band). In our case, the G/D band ratio is very 
high, indicating a low amount of impurities and imperfections in the SWNTs used for 
the present work. Typical UV-vis absorption spectra obtained from our SWNT 
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dispersions show the characteristic peaks of (6,5) SWNTs centered at ~567nm and 
~978nm (see Figure 4-2 C). Because the majority of SWNTs in the samples used in our 
experiments are (6,5), we will only track the featured peaks of (6,5) SWNT in the 
SWNT dispersion, assuming the results of (6,5) SWNT can represent for all SWNTs. 
It is worth mentioning that, according to our experiments, egg-PC lipids do not 








Figure 4-2 Picture of a cuvette containing an aqueous dispersion of SWNTs stabilized 
by SDBS surfactants (A). Representative Raman spectrum of dry SWNTs after 
sonication (B). Representative UV-vis absorption spectrum of an aqueous SWNT 
dispersion (C). Highlighted are the peaks representative of the D and G bands in panel 




In Figure 4-3 we provide visual pictures of the dialysis cells containing either 
W+SWNT (panels A1 to A3) or LIPO+SWNT samples (panels B1 to B3). Panels 1, 2, 











































A1 and B1 are representative images of the samples as prepared, before the dialysis is 
initiated. The pictures in panels A2 and B2 are obtained on the 5th day of dialysis, and 
those in panels A3 and B3 are obtained at the end of the dialysis experiment, and they 
represent the dialysis membranes with no dispersion. In Figure 4-3 A1 and B1, the two 
mixtures look similar to each other before dialysis. In Figure 4-3 A2 we found the 
agglomeration of SWNT from the W+SWNT sample on the 5
th
 day of dialysis. No 
visible agglomerates of SWNT were observed in the first 4 days of dialysis for the 
W+SWNT system. One picture of stable dispersion of SWNT from LIPO+SWNT 
sample on the 5
th
 day of dialysis is reported in Figure 4-3 B2. The SWNT dispersion 
with liposomes in Figure 4-3 B2 is stable for about one month at ambient conditions 
without the formation of visible agglomerates. Figure 4-3 A3 and B3 are obtained from 
the dialysis cells after removing the solutions in A2 and B2. The results show that there 




Figure 4-3 Pictures of W+SWNT (panels A1 to A3) and LIPO+SWNT samples (panels 
B1 to B3) before, during, and after dialysis. Pictures A1 and B1 are the two samples 
within the dialysis cells before dialysis; pictures A2 and B2 are for the two samples on 
the 5
th
 day of dialysis; pictures A3 and B3 are for the dialysis cells after the SWNT 




We employed UV-vis spectroscopy to monitor the concentration of SWNTs, 
liposomes, and SDBS in the bulk water outside of the dialysis cell. The representative 
peaks are centered at ~567nm for (6,5) SWNTs,[143] at ~205nm for egg-PC,[144] and 
at ~223nm for SDBS.[145] Not surprisingly, we did not observe the characteristic 
absorbance of (6,5) SWNTs and egg-PCs in the bulk solution. This observation is 
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consistent with the fact that the dialysis membranes do not allow either liposomes or 
SWNTs to diffuse out of the dialysis bag. 
The concentration of SDBS in the bulk water can be determined by the maximum 
absorbance at 223nm.  We first obtained a standard calibration curve for SDBS 
concentration (shown in Figure 4-4). The curve shows linearity up to the concentration 
of 0.06mg/ml (the nonlinear part observed at higher SDBS concentration is not shown 
for clarity), which is consistent with literature.[145] For all systems considered, except 
4_LOPO+SWNT, the maximum SDBS concentration in the bulk water is estimated in 
0.025mg/ml under the assumption that all SDBS used to stabilize the SWNTs diffuse 
out of the dialysis cell. This observation guarantees that UV-vis SDBS absorbance in 
the bulk water during our dialysis experiments is within the linear region of the 






Figure 4-4 Standard calibration curve for the absorbance at 223nm vs. concentration of 
SDBS in water, as obtained by UV-vis spectrometer. 
 
 
In Figure 4-5 top panel we reported the absorbance at 223nm in the bulk as a 
function of dialysis time. The SDBS concentration on the 10
th
 day of dialysis for all 1:1 
mixtures is ~0.025mg/ml, which corresponds to the absorbance intensity of ~0.82 at 
223nm (Figure 4-5 top panel). For the 4_LIPO+SWNT sample, the absorbance in the 
bulk water is about ¼ of that from 1:1 mixtures. In all cases, the absorbance intensities 
increase linearly as the dialysis time increases until reaching about 90% of the 
maximum value in the first ~90 hours (4
th
 day of dialysis). The result suggests most of 
the SDBS molecules diffused out the dialysis cell in the first 4 days of dialysis. After 
about 100 hours, the change of absorbance becomes little, indicating that the 
equilibrium state is being approached. The results shown in Figure 4-3 suggest that 
SWNTs start agglomerating dramatically after the 4
th



























agglomerates of SWNT appear on the 5
th
 day of dialysis). For consistency, all 
experiments below were conducted using the samples on the 4
th
 day of dialysis. 
In Figure 4-5 bottom we report the SDBS concentration inside the dialysis cell as 
a function of dialysis time. The experiments in Figure 4-5 reveal that at ~90 hours the 
SDBS concentration within the dialysis cells is lower than the critical micelle 
concentration (cmc) of SDBS in water (~0.7mg/ml).[146] This observation suggests 
that SDBS surfactants are not effective at stabilizing SWNTs in water when the SDBS 
concentration is lower than its cmc. Matarredona et al. studied the adsorption isotherm 
of SDBS on the SWNTs.[147] The adsorption isotherm suggests that adsorbed SDBSs 
per SWNT under the cmc are only about 1% of that from at or above the cmc 
(~70mmol/g SWNT). Using their adsorption isotherm curve, we calculated SDBS 
adsorbed on SWNTs in our experiments at 0.5mg/ml is less than 1% of the total SDBS 
in the dialysis system.  
After ~150 hours of dialysis, SDBS concentrations inside the dialysis cells for all 
cases are very low. Although at these conditions SDBS cannot stabilize SWNTs in 
water (there are simply not enough surfactant molecules), our results suggest that the 





Figure 4-5 Absorbance at 223nm in the bulk out of dialysis cell (top panel) and SDBS 
concentration inside the dialysis cell (bottom panel) as a function of dialysis time. For 
clarity, only representative error bars are reported. Different symbols are for 
experiments conducted for different systems. Green▲ represents W+SDBS; purple x 
represents W+SWNT; red ■ represents LIPO+SWNT; blue ♦ represents 
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Although agglomerates of SWNT were not observed from the LIPO+SWNT 
samples after one month or longer, it is arbitrary to conclude that individual SWNTs do 
not bundle during dialysis. The intensity of the fluorescence emission from SWNTs can 
quantify the dispersion quality of a SWNT sample.[148, 149] The fluorescence 
emission spectra from the W+SWNT and LIPO+SWNT samples are reported in Figure 
4-6. The blue curve is from the W+SWNT sample before dialysis, which corresponds to 
the well-dispersed SWNT system. The fluorescence intensities from the W+SWNT 
sample on the 4
th
 day of dialysis (green) are quenched by almost 40% in comparison to 
those from the W+SWNT sample before dialysis. The result suggests low dispersion 
quality and bundle formation on 4
th
 day of dialysis. This result is consistent with the 
observation of aggregates of SWNT on the 5
th
 day of dialysis, and it suggests a 
nucleation and growth process for the SWNT bundles within the W+SWNT sample 
when the SDBS concentration is low. The intensities of fluorescence emission from the 
LIPO+SWNT sample obtained on the 4
th
 day of dialysis are similar to those from the 
LIPO+SWNT sample before dialysis (red and purple lines), indicating well-dispersed 
SWNTs in both systems. This finding confirms that the presence of liposomes prevents 




Figure 4-6 Fluorescence spectra of different SWNT systems. Different lines are for 
results obtained for different systems. Blue is for the W+SWNT sample before dialysis; 
purple is for the LIPO+SWNT sample before dialysis; green is for the W+SWNT 
sample on the 4
th
 day of dialysis; red is for the LIPO+SWNT sample on the 4
th
 day of 
dialysis. The results are obtained from excitation lasers at 532nm and 783nm (left and 
right panels, respectively). See section 4.2.4 for details on system composition. 
 
 
SDBS is expected to disperse SWNTs by the ability to orient the SDBS head 
groups perpendicularly to the SWNTs axis, promoting long-ranged repulsive 
forces.[143, 150] Egg-PC does not disperse SWNTs as efficiently as SDBS according to 
both literature[151, 152] and our own experiments (results not discussed for brevity). 
One very distinct possibility that causes liposomes to stabilize SWNT dispersion is that 
that SWNTs interact with liposome membranes. Our hypothesis is that when SWNTs 
are wrapped with SDBSs, the interaction is due to electrostatic force between choline 
groups from liposomes and sulfonate groups from SDBS. When there are not enough 
SDBSs on the surfaces of SWNTs, the SWNTs can embed in the hydrophobic inners of 
the liposome membranes. Should liposomes adsorb onto SWNTs, they could prevent 
SWNTs from bundling by steric resistance.  
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For completeness, we point out that SDBS concentration after dialysis reported 
above is ~0.025mg/ml for 1:1 mixture and 0.006 for 4:1 mixture. However, SWNTs 
agglomerates were observed from the dialysis experiments (not shown here) in which 
we completely removed SDBS or reduced the concentration of liposomes. It is likely 
that the stable SWNT dispersion needs a minimum ratio of liposomes to SWNTs and a 
minimum SDBS concentration. Unfortunately, the minimum SDBS concentration 
necessary to stabilize SWNT dispersions in water cannot be unequivocally determined 
from our experiments. Statistical analysis of such results is beyond the scope of the 
present work but could be interesting to investigate in the future. 
 
4.3.4 Freeze-Fracture TEM 
Representative TEM images of the replicas made from LIPO+SWNT samples are 
shown in Figure 4-7. The replicas were obtained from samples on the 4
th
 day of dialysis. 
Because the replica is the coating of platinum and carbon on the fractured frozen 
sample, TEM images of replicas can provide evidence of how SWNTs and liposomes 
are structured in water. The available TEM images corroborate our earlier interpretation 
that liposomes interact with SWNTs in water at low SDBS concentration as discussed 
above. In the bottom left of Figure 4-7 there are linear dark and shadow (white) areas on 
the top surface of the liposome (marked by the arrow). The dark area is caused by the 
platinum accumulation. The shadow (white) area indicates no platinum is in this area. 
Thus, the linear shape is due to the presence of SWNTs on the top of the liposome. In 
the top left of Figure 4-7 we report one SWNT interacts with the side membrane of a 
liposome. In this case, the image of SWNT is not from platinum accumulation but from 
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the coating of carbon. In the right of Figure 4-7 one SWNT interacts with 2 different 
liposomes. It is important to point out that the diameter of the SWNT on the replica 
cannot be determined from the platinum accumulation. For the SWNT image from 
carbon depositions, the diameter of the SWNT on the replica is larger than that of the 
original SWNT. Thus, although the observed SWNTs in Figure 4-7 look like large 
bundled SWNTs based on their diameters, they are possibly individual SWNTs or small 
bundles. The observed liposomes which interact with SWNTs are nearly spherical, 
suggesting the interaction between SWNTs and liposomes do not cause strong 
rearrangement of liposome structures or break the liposomes. Although the freeze-
fracture TEM images cannot distinguish if SWNTs are located in or out of the 
phospholipid bilayers of liposomes, our hypothesis is that SWNTs adsorb on the surface 
of liposomes. First of all, comparing the size of liposomes and the length of SWNTs 
obtained from the TEM images, SWNTs in this work are too long to embed in the 
liposome membrane. Even if SWNTs can embed in the phospholipid bilayer, only a 
small portion of one SWNT can embed in the liposome membranes. Secondly, if 
SWNTs are located in the liposome membrane, it should change the shape of liposomes 
which conflicts with our observations. The orientation of SWNTs is generally parallel 
to the liposome membrane based on the available TEM images. 
The freeze-fracture TEM experiments still need improving. More TEM images 
from LIPO+SWNT samples before dialysis and with longer dialysis time are necessary 
to complete our interpretations.  
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Figure 4-7 Freeze-fracture TEM images of the LIPO+SWNT sample on the 4
th
 day of 
dialysis. The dark area is caused by the platinum accumulation. The shadow (white) 
area indicates no platinum is in this area. The highlighted arrow indicates the image of 
SWNTs. The scale bars are 100nm. 
 
 
4.3.5 Dye-Leakage from Liposomes 
During the dye-leakage experiments we added 5μl SWNT dispersion to 300μl of 
liposome suspensions. In Figure 4-8 we report the leakages of calcein within the first 4 
minutes after adding different reagents to liposome suspensions. The leakages in the 
presence of SWNTs start from negative values, because SWNTs absorb a certain 
amount of both excitation and emission lights and subsequently the fluorescence 
intensities are lower than that defined as 0% of leakage. The results show that in the 
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addition of SDBS the leakage increases slightly as the time increases, suggest that 
SDBS increases the permeability of calcein through liposomes probably by perturbing 
the liposome membranes. However, the leakage caused by SDBS is much less in 
comparison to that caused by Triton X-100. The addition of SWNT dispersion also 
increases the leakage slightly. The increase of leakage by SWNT dispersion is likely 
due to SDBS, because the increase trend in the addition of SWNT dispersion (crosses in 
Figure 4-8) is similar to that in the addition of SDBS (triangles in Figure 4-8) and also 
because the increase trend is hardly observed in the addition of SWNT dispersion with a 
low concentration of SDBS (empty circles in Figure 4-8). No obvious observation of 
leakage through liposomes in the addition of SWNTs indicates that the SWNTs do not 
change the permeability of liposomes, at least in a short time range. The results agree 
with our early hypothesis that SWNTs only adsorb on the liposomes, but not embed in 






Figure 4-8 Leakage of dye through liposome membranes in the presence of different 
reagents. Leakage was obtained by measuring the increase of fluorescence from the 
solution immediately after the addition of reagent. The fluorescence after the addition of 
water was taken as 0% leakage, and the fluorescence 4 minutes after the addition of 
Triton X-100 was taken as 100% leakage. The addition of SDBS is▲; the addition of 
Triton X-100 is ♦; the addition of SWNT dispersion is x; the addition of SWNT 
dispersion with low concentration of SDBS is ○. 
 
 
To complete the leakage study, we designed another leakage experiment. In the 
first step, we combined the liposomes containing calcein and SWNT dispersion with a 
volume ratio of 9:1 and followed by dialysis. Then the liposome-SWNT mixture was 
collected on the 4
th
 day of dialysis for a leakage experiment. Only Triton X-100 was 
added to the liposome-SWNT mixture after dialysis. If there is an increase of leakage, it 
means the interaction between SWNTs and liposomes during dialysis does not disrupt 
the structure of phospholipid bilayer very much. If there is no change of leakage, it 
suggests the perturbation of phospholipid bilayer is significant and increases the 
















concentrations of dye inside and outside the liposomes are similar after a 4-day dialysis 
before adding Triton X-100. In Figure 4-9 the addition of Trion X-100 in a liposome-
SWNT mixture on the 4
th
 day of dialysis causes a further increase of leakage of calcein, 
indicating liposome membranes are not dramatically disrupted by SWNTs after a 4-day 
dialysis. This finding is consistent with the first part of the leakage experiments that the 
presence of SWNT dispersion does not enhance the permeability of dye through 
liposome membrane, possibly because SWNTs only adsorb on the liposomes.  
 
 
Figure 4-9 Leakage of dye through liposome membranes from the liposome-SWNT 
mixture on the 4
th
 day of dialysis. Leakage was obtained by measuring the increase of 
fluorescence from the solution immediately after the addition of Triton X-100. The 
fluorescence after the addition of water was taken as 0% leakage, and the fluorescence 4 
minutes after the addition of Triton X-100 was taken as 100% leakage. 
 
Although most of the liposomes are uni-lamellar liposomes according to their size 
distribution, the current experiment set up allows the presence of multi-lamellar 
liposomes (diameter larger than 200nm) in the liposome suspension. We have also done 
















possibility that SWNTs perturb the outer lamellae but not the inner lamellae of 
liposomes. These uni-lamellar liposomes were prepared by extruding 20 times using a 
200nm membrane. The result from uni-lamellar liposomes is generally consistent with 
the one from Figure 4-9. The result from the uni-lamellar liposome suspension is a 
complement to the current study, indicating the interaction between SWNTs and 



















5. Conclusions and Future Directions 
 
5.1 Cartilage Lubricity 
 
The friction coefficient between cartilage surfaces was measured using a pin-on-
disc tribometer at constant load of 2N at room conditions. Friction coefficients obtained 
from different testing configurations were compared. The measured friction coefficient 
strongly depends on the testing configuration, suggesting that using a commercial pin-
on-disc tribometer and by controlling the experimental set up, different lubrication 
mechanisms can be assessed. The most interesting conclusion is that the friction 
coefficient measured when the cartilage sample is glued on the disc remains very low as 
the experiment proceeds (alumina-on-pin vs. cartilage-on-disc (AC) testing 
configuration), probably because as the pin moves on the cartilage surface (migrating 
contact area) the pores present in cartilage, although depleted of phosphate buttered 
saline (PBS) solution when the load is applied, replenish before the load is applied 
again on the same area. As a consequence the fluid phase supports a large fraction of 
the applied load, and the friction coefficient remains low. These results suggest that the 
AC testing-configuration could be used to assess the wear-and-tear characteristics of 
materials used in prosthetic devices (which should be supported on the pin), as well as 
possible implants designed to improve lubrication in joints. Based on our analysis, it is 
expected that when the AC testing configuration is implemented lubrication is provided 
by interstitial fluid support mechanisms. 
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Our results show that the friction coefficients measured for both pristine and 
damaged cartilage samples depend on lubricant solutions. Among the lubricants 
considered, 100mg/ml of 100,000 Da PEO in PBS appears to be as effective as SF, 
especially on the mechanically-damaged cartilage. When the steady-states friction 
coefficients obtained in the AC testing configuration are plotted as a function of the 
Hersey number, our results are consistent with a Stribeck curve, indicating that the 
friction coefficient of cartilage depends on the solution viscosity, η, sliding velocity, υ, 
and normal load, N. Although it is possible that several phenomena contribute to 
lubricate cartilage, it seems that interstitial fluid pressurization dominates the 
lubrication of cartilage as long as the tissue is highly hydrated. The interstitial fluid 
mechanism is enhanced by increasing the viscosity of the interstitial fluid, most likely 
due to the decrease of permeability of interstitial fluid in cartilages.  
In our study, we only considered one polymer, linear PEO, as a potential lubricant 
for articular cartilage. It works unexpectedly well. Many other polymers, such as 
pentosan polysulfate, an artificial polymer that has been proposed as potential treatment 
for osteoarthritis,[153-156] can be added to the present study. It is possible that the 
friction coefficient of cartilage depends on the molecular structure of polymer in the 
lubricant solution. More studies need to be done to understand the relationship between 
friction coefficient and lubricant structure. Different polymer with different 
microstructures, functional groups, and molecular weights should be considered. 
Understanding the lubrication mechanism of each component may help us to find a 
better way to minimize the friction coefficient and abrasion of cartilage by either the 
combination of different lubricants, or the development of new lubricants. 
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Even though we employed quartz crystal microbalance with dissipation (QCM-D) 
to explain the interaction between cartilage and different lubricants, molecular 
simulations may provide a complementary tool to understand this problem, especially at 
the molecular level. For example, Momot used Monte Carlo simulations to study water 
diffusion in an idealized model of articular cartilage.[157] Modeling the molecular 
interactions between lubricant components and cartilage surface (probably collage type 
Π molecule) will allow us to know how the lubricant solution interacts with cartilage, 
which will help us not only distinguish boundary lubricant from others, but also 
investigate how the complex lubricant systems structure or self-assemble on the 
cartilage.  
The injuries inflicted on the cartilage samples in my work were not representative 
of typical surface damage observed in osteoarthritic joints (see Figure 1-2). To continue 
the investigation of lubrication in mechanically damaged cartilage specimens it will be 
desirable to consider surface injuries that are similar to those observed under 
physiological conditions. One such injury could be a pinhole. To maximize the effects 
of surface damage on the measured friction coefficient of cartilage, I suggest to 
conducting friction experiment by repeating a forward and backward linear sliding on 
the damaged pinhole of the cartilage.  
Because of cartilage loss, osteoarthritic patients usually suffer from significant 
pain and limited joint motion. So far the most popular commercial treatment is artificial 
joint replacements. To provide data that are more relevant from a practical point of view, 
we could replace the alumina samples used in the current work with materials that are 
actually used in prosthetic devices, for example titanium dioxide.[158] Understanding 
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the friction and wear between a certain material and cartilage may contribute to material 
and lubricant designs for osteoarthritis treatment. Our hypothesis is that the artificial 
material with a deformable porous-permeable structure might be able to produce low 
sustained friction and wear because of maximizing interstitial fluid pressurization. 
In recent years, a lot of researches have focused on promoting cartilage tissue 
growth to repair the joint of patients instead of relying on complete joint replacement 
surgeries.[46-49, 159] To treat cartilage defects, a key step is the repair of its damaged 
extracellular matrix.  Surgeons have developed several methods to achieve such a goal. 
For example, autologous chondrocytes implantation is a cell-based therapy already in 
clinical use.[160] Because engineered cartilages can be cultured in scaffolds, it will be 
useful to study the friction between different scaffolds and cartilages. This future study 
may contribute to the design of scaffold with minimum friction and abrasion. Because 
eventually engineered cartilage needs to interact with natural cartilage, we can also 
study the friction between engineered cartilage and natural cartilage. 
 
5.2 Interactions between SWNTs and Phospholipid Bilayers 
 
We sucessfully conducted experiments to study the interaction between SWNTs 
and liposome membranes via dialysis, freeze-fracture TEM, and dye-leakage 
experiments. We observed that SWNT dispersions are more stable in the presence of 
liposomes than in the absence of liposomes at a low SDBS concentration under a gentle 
shaking   condition. Because the dialysis experiments do not allow the determination of 
the interaction between SWNTs and liposomes directly, we rationalize our results by 
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freeze-fracture TEM. The results from freeze-farcture TEM show that SWNTs interact 
with liposomes in water, possibly by adsorbing on to phospholipid bilayers. Sperical 
liposomes are observed under TEM, suggesting the interaction does not break the 
structure of liposome. From dye-leakage study, no obvious leakage is found upon the 
addition of SWNTs to liposome suspensions. This is an indication that SWNTs only 
adsorb on the liposome membranes and the perturbation of phospholipid bilayer caused 
by SWNTs is minor. Extending our observations to answer the toxicity of CNTs, it is 
possible that SWNTs with small diameter could adsorb onto cellular membranes, 
without disrupting their structure by directly penetration. Our results suggest the 
possibility of designing new drug-delivery devices based on the preferential interaction 
between CNTs and phospholipid membranes. In the newly envisioned devices drug-
loaded liposomes are adsorbed onto the SWNTs. This device would allow us to load 
more drug in the liposomes and to use less SWNTs.   
There are at least 2 factors to prevent SWNTs from embedding in the 
phospholipid bilayers in the current experiments. First, the presence of cholesterol 
enhances the stability of liposome membranes, subsequently may increase the energy 
barrier for SWNTs to squeeze in the phospholipid bilayers. Second, according to the 
TEM images, the SWNTs are too long to embed in the liposomes. In the future we 
should try to make liposomes without cholesterol and chop the SWNTs shorter. Our 
hypothesis is that short SWNTs may embed in the phospholipid bilyaers and increase 
the permeability of the liposomes. 
Because the thickness of the phospholipid membrane is ~4.3nm, SWNTs 
embedded in the phospholipid membrane with large diameters may disrupt the structure 
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of phospholipid bilayer more significantly than SWNTs with small diameters. To test 
this hypothesis, however, CNTs samples mono-dispersed with the same diameter need 
to be available. The separation of SWNTs into single chirality remains very 
challenging. For example, the SWNT in current work has the high purity of SWNT, 80-
95%. However, the purity of  (6,5) SWTNis only 30-40%. Very recently, Liu e al. 
reproted a simple and effective method for large-scale chirality SWNTs 
separation.[161] The purity of SWNT, take (6,5) SWNT as an example, can reach 93%. 
In the next stage, we can first purify SWNTs and then study the interaction between 
each type of SWNTs and phospholipid bilayers.  It will be useful to study SWNTs with 
a broad range of chiralities and relate the permeability of phospholipid bilayer to the 
diameter of SWNT embedded in the bilayer.  
Both chemically and physically functionalized CNTs can be used to study their 
interactions with liposomes. In addition, liposomes can be also prepared with difference 
components to change their properties, e.g. adding phosphatidylethanolamine, 
phosphatidylglycerl, phosphatidylserine, etc. It is possible that the surface properties of 
CNTs and liposomes are critical to determine the reults. 
Molecular simulations have been used to study the permeabilities of nanoparticles 
and drugs through phospholipid bilayers. Many modeling methods are reported, 
including melecular dynamics and Monte Carlo, at the atomistic and coarse-grained 
levels.[162-164] According to my knowledge, no simualtion has been done to study the 
permeability of small molecules (e.g., water or hydrophobic drugs) through 
phospholipid bilayers in the presence of embedded CNTs. The results from such 
simulations could be compared to leakage experiments. The investigation of transport 
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phenomena across phospholipid membranes will contribute to both the fundamental  
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7.  Appendices 
 
Appendix A: Adsorption Isotherms of Aqueous C12E6 and CTAB Surfactants on 
Solid Surfaces in the Presence of Low-Molecular-Weight Co-Adsorbents 
 
The material presented below was published in 2009 in volume 25, issue 10, of 





In this work, we evaluate the effects of the low-molecular-weight compounds 
toluene, phenol and 1-hexanol on the adsorption of two surfactants on one solid surface. 
The surfactants are CTAB (cationic) and C12E6 (non-ionic). The surface is gold, 
although x-ray photoelectron spectroscopic analysis reveals the presence of a large 
number of oxygenated sites that render the surface hydrophilic (contact angle 10°). 
Adsorption isotherms are measured using a quartz crystal microbalance with dissipation 
monitoring (QCM-D). Although our measurements do not allow the determination of 
the morphology of the aggregates directly, we rationalize our results by referring to 
AFM images from the literature.  Based primarily on the dissipative signal and on AFM 
studies done by others, our results are consistent with CTAB forming a patchy 
cylindrical structure, and C12E6 likely yielding a monolayer structure. The presence of 
co-solutes almost doubles the mass of surface aggregates and increases the rigidness of 
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the aggregates for CTAB, consistent with a morphological change from cylinders to flat 
bilayers.  Part of the increase in adsorbed mass is likely due to increased surface area 
covered by admicelles.  For C12E6, co-solutes cause small changes in the mass 




Surfactant adsorption on solid surfaces plays an important role in detergency, 
mineral flotation, corrosion inhibition, solid dispersion, oil recovery, etc.[165]  
Ellipsometry,[166-168] atomic force microscopy,[169-174] surface plasmon 
resonance,[175] and specular neutron reflection[176-178] have all been used to study 
surfactant adsorption at solid-liquid interfaces.  
Using atomic force microscopy (AFM), Velegol et al.[179] concluded that CTAB 
on hydrophilic silica forms a combination of long and short rod-like structures; rod-like 
structures are also found on graphite[180] and mica.[181]  For the latter, with no added 
electrolyte the preferred aggregate morphology is a flat layer; although rod-like 
structures form at short times and become the preferred shape in the presence of 
swamping electrolyte. Very recent AFM work for CTAB adsorption on gold indicates 
rod-like structures as well. On rough surfaces, the characteristic morphology of CTAB 
aggregates remains hemicylindrical, although the aggregates became much shorter and 
in some cases almost hemispherical.[174, 182]  
AFM data have been reported on the ethylene oxide nonionic surfactants with the 
general structure CmEn,[183] although none, to our knowledge, has been reported for 
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C12E6.  On hydrophilic silica, globular aggregates were imaged for C10E6 and 
C14E6.[184] For the latter surfactant, a flat bilayer was imaged if the distance from the 
tip to the surface was large, suggesting perhaps that flat layers are the equilibrium 
morphology and that when the tip approaches the surface it disrupts the surfactant 
structure. On graphite, C14E6 formed rod-like structures while C10E6 formed a flat layer; 
on an organic hydrophilic surface both surfactants formed flat layers.  
Adsorption isotherms from aqueous solution on solid surfaces have also been 
investigated using the quartz crystal microbalance (QCM).[185-189] Stalgren et 
al.[185] found that QCM overestimates the adsorption of the nonionic surfactant C14E6 
on both a hydrophobic and a hydrophilic surface compared to ellipsometry results.  
Similarly, Macakova et al.[188] reported that QCM overestimates the adsorption of the 
cationic surfactants cetyltrimethylammonium bromide (CTAB) and 
didodecyltrimethylammonium bromide (DTAB) on solid surfaces when compared to 
optical reflectometry data. To explain these discrepancies the authors suggested that the 
QCM measurements also include water immobilized within or near the adsorbed 
surfactant aggregates.   
The majority of previous studies on surfactant adsorption were conducted from 
pure water, or aqueous solutions of carefully controlled pH and ionic strength. 
However, in most applications adsorption occurs in the presence of low-molecular-
weight compounds. For example, one important application is the use of surfactants to 
enhance subsurface remediation of hydrocarbon contamination and the related enhanced 
oil recovery.[190-193] It has also been proposed to take advantage of the 
adsolubilization of compounds within the surface surfactant aggregates (also known as 
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‘admicelles’) to design separation processes such as ‘admicellar chromatography. More 
recently, the phenomenon of adsolubilization has been exploited in admicellar 
polymerization, during which monomers are adsolubilized within surfactant aggregates 
and then polymerized to yield polymers on surfaces.[194-198] Recent developments of 
such techniques allowed Marquez et al.[199] to produce nano-structured polymeric 
films on surfaces. Understanding how various co-solutes partition between the 
supernatant bulk phase and the admicellar phase is expected to contribute to the further 
development of these, and other applications. 
Lee et al.[200] used solution-depletion methods to study the adsolubilization of 
alcohols in SDS admicelles formed on alumina. At SDS concentrations below the cmc 
the presence of alcohols increased the adsorbed amount typically by a factor of 10. At 
SDS concentrations above the cmc, however, all the adsorption isotherms (the alcohols 
considered were 1-propanol, n-butanol, n-pentanol, n-hexanol, and n-heptanol) 
collapsed onto one single curve, which was not very different to that measured for SDS 
alone. In the case of alkanes adsolubilization in SDS it was found that the 
adsolubilization in admicelles was very similar to the solubilization in bulk 
micelles,[201] and that the alkane partition coefficient within the admicelles increases 
as the adsorbed surfactant amount increases.[113] To interpret the results, Lee et al. 
proposed a two-site adsolubilization model for the adsorption of alcohols.[200] 
According to this model alcohols can adsorb on the palisade of the admicelles, but also 
along the edges of patchy structures. Another two-site solubilization model was 
proposed earlier by Mukerjee and Cardinal[202] to rationalize the solubilization of 
benzene within micelles. Benzene could dissolve in the hydrophobic core of the 
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micelles, as well as adsorb in the polar micelle surface. The availability of various 
solubilization sites within micelles was further proved by Rouse et al.[193] Nayyar et 
al.[203] studied the adsolubilization of naphthalene, 4-amino-1-naphthalene sulfonic 
acid (ANSA), and naphthol within SDS admicelles on alumina. The study was 
conducted at bulk SDS concentrations below the cmc, and provided partition 
coefficients for the co-solutes between the bulk aqueous phase and the admicelles. 
Naphthalene, hydrophobic, was easily adsolubilized at low SDS concentrations, but as 
the SDS concentration increased naphthalene was solubilized by both SDS micelles and 
admicelles. The adsolubilization of naphthol, an alcohol, was very large at low SDS 
concentrations, and decreased as the SDS concentration increased, as expected based on 
the two-site adsolubilization model. The third co-solute, ANSA, was strongly adsorbed 
on alumina in the absence of SDS, and increasing SDS concentration induced a 
competition between ANSA and SDS molecules for surface adsorption sites, resulting 
in decreased ANSA adsorption. 
Those pioneering studies have been periodically revisited[204] and extended.[205-
208] Additional insights are expected from molecular simulations,[209-211] which are 
at present hindered by the enormous computational resources required. Particularly 
relevant to this manuscript is the work of Wall and Zukoski,[169] who reported an 
AFM study of alcohol-induced structural transformations of CTAB aggregates adsorbed 
on mica. The supernatant aqueous bulk solution contained 10mM KCl and 9mM CTAB. 
They found that as the concentration of 1-hexanol increased in the bulk solution, the 
morphology of surface CTAB aggregates changes from cylindrical to spherical, and 
eventually becomes flat when the 1-hexanol concentration is larger than 20mM. A 
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switch from a curved morphology to a flat bilayer, has been found for other 
solvent/surfactant/surface combinations.[212, 213] It is likely that the incorporation of 
co-solutes into the admicelle causes this morphological transformation because a flat 
bilayer has a much greater capacity for adsolubilization.  However, AFM does not give 
any information about the adsorbed mass. 
The goal of this work is to assess the effects of the presence of co-solutes on the 
adsorption of two surfactants on a solid surface in terms of total adsorbed mass and 
dissipation as a function of bulk surfactant and co-solute concentration. Dissipation was 
measured to monitor the flexibility of the admicelles, which, based on our data, seems 
to be an indirect measurement of admicelle morphology. Surfactants considered were 
CTAB (cationic), and hexaethylene glycol monododecyl ether, C12E6 (non-ionic). The 
surface was gold, although XPS analysis revealed the presence of a large number of 
oxygen atoms that render the surface hydrophilic.[189] Co-solutes were toluene 
(hydrophobic), phenol, and 1-hexanol (partially hydrophilic).  
 
A.3 Materials and Methods 
 
A.3.1 Instrumentation 
Adsorption isotherms were measured at T=25±0.05°C by a quartz crystal 
microbalance with dissipation (QCM-D), model E4, purchased from Q-Sense AB. Data 
reproducibility was checked by performing independent measurements, with a quartz 
crystal microbalance with impedance monitoring (QCM-Z500, KSV Instruments Ltd., 
Finland). In these control experiments the temperature of the measuring chamber was 
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kept at 20.0°±0.1°C with a Peltier unit, the room temperature was 21°C with an average 
relative humidity of 46%.  
 
A.3.2 Reagents 
For all the experiments discussed herein CTAB was purchased from Sigma-
Aldrich (cetyl-trimethyl-ammonium bromide, minimum 99%). After purification,[214] 
a 10 mM stock solution of CTAB was prepared. C12E6 was purchased from Sigma-
Aldrich (hexaethylene glycol monododecyl ether, semisolid) and used as received. A 
3.414 mM stock solution was prepared. Toluene (spectrophotometric grade, 99.7+%) 
was purchased from Alfa Aesar. Phenol solution (maximum impurities and 
specifications 88% phenol, 12% water) was purchased from EM Science. And 1-
hexanol (Puriss plus, >99.5% GC) was purchased from Sigma-Aldrich.  18.2 MΩ cm 
resistivity water was used to prepare the aqueous surfactant solution.  
All substrates used were gold 50 nm (QSX 301), purchased from Q-Sense AB. 
Before any experiment, the crystal surfaces are cleaned following the standard cleaning 
protocols
 
proposed by Q-Sense. XPS analysis reveals that after the cleaning process a 
large number of oxygen atoms are present on the crystal surfaces. Thus the surfaces 
used in our experiments are hydrophilic as confirmed by a 10° contact-angle. According 
to the AFM analysis shown in Figure 7-1, the surface of the gold crystal is fairly 
smooth. Nominal surface area of the gold crystal is used in this report.  
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Figure 7-1 AFM image and section analysis of the surface structure of the gold crystal 







A schematic of our experimental setup is given in our previous paper.[189] Every 
measurement started by first obtaining a baseline for each crystal in contact with the 
solvent solution, i.e. no surfactant.  In our experiment, five aqueous solutions were 
used. They were nanopure water, 0.47g/L saturated toluene aqueous solution, 0.47g/L 
1-hexanol aqueous solution, 0.47g/L and 1.88g/L phenol aqueous solution.  The 0.47 
g/L was chosen because this is the maximum solubility of toluene in water at room 
conditions; 1.88 g/L was chosen because it is much larger than 0.47 g/L. An adsorption 
isotherm measurement consisted of increasing the bulk surfactant concentration from 0 
to approximately 1.5*cmc in steps of ~0.1*cmc. At each concentration, surfactant 
solution was pumped through the instrument using an Ismatec peristaltic pump at a 
constant flow rate of 0.1mL/min for 1 h. The flow rate of the peristaltic pump quickly 
decreased compared to the nominal flow rate due to tube aging. To avoid complications 
the flow rate of the peristaltic pump was assessed before each experiment and the tubing 
replaced on the average every three experiments. To reach equilibrium, it was necessary 
to wait, sometimes for up to 2-3 h.  Equilibrium was confirmed by allowing the system 
to equilibrate overnight for some data points throughout the adsorption isotherms.  
Between adsorption isotherm measurements, we found it necessary to clean the system 
using a 2% (69 mM) aqueous sodium dodecyl sulfate solution in order to obtain more 
consistent and reproducible results; presumably SDS is able to remove all residual 
surfactant and solute.  SDS was fluxed through the tubing for 1 hour and then nanopure 
water was fluxed through the modules for 3 hours to remove SDS traces.  With this 
procedure, the blank QCM measurement, i.e. the measurement with only water flowing 
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through the system, was returned to its starting point. It is possible that other procedures 
(e.g., flowing chloroform or aqueous solutions of ethanol) would provide satisfactory 
cleaning of crystal surfaces and tubings. SDS solutions were a natural choice for us, 
thus no attempt was made to optimize the cleaning procedure. 
The solution pH was monitored before and after the adsorption measurements by 
an Oakton pH meter (pH 510 series). When adsorption occurs from pure water and from 
the toluene solution, the pH remained approximately neutral. When adsorption occurs 
from solutions containing alcohols, the pH decreased as the phenol concentration 
increased. For 1.88g/L phenol solution, the pH decreased to ~5.9. For adsorption from 




QCM-D measures two quantities, frequency and dissipation, simultaneously in 
real-time, as molecular layers form on the sensor surface. When a mass, Δm, adsorbs on 
the sensor surface, the resonant frequency of the crystal sensor, f, decreases from its in 
nominal value f0. If the mass adsorption is evenly distributed, rigidly attached to the 
crystal and small compared to the mass of the crystal, then Δf = f - f0 can be related to 





                                                                                                        (7-1) 




 for the 
crystals used in our experiment at 5MHz) and n is the overtone number (n=1, 3, … ). 
For the crystals used herein, all with nominal fundamental oscillation frequency 5MHz, 
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the actual fundamental oscillation frequency reduces to as little as 4.95MHz, in which 
case C should be about -18. Because each crystal used has a different fundamental 
oscillation frequency (due to small variations in mass, etc.), for consistency we used 
C=-17.7 in all our calculations, introducing an uncertainty of ~2%. This is well within 
the experimental uncertainty introduced by other factors. 
Variations in the oscillation frequency f were measured by neglecting the data 













 overtones. In some cases, the data 
corresponding to a particular overtone were erratic, and therefore discarded. 
The dissipation factor, which reflects the viscoelasticity of the adsorbed films, is 







                                                                                                       (7-2) 
where Ediss is the dissipated energy and Estor is the stored energy during the 
oscillation cycle.  With the QCM-D, the change in the dissipation factor, ΔD = D – D0 , 
is measured, where D is the dissipation factor at any given time during the experiment 
and D0 is the dissipation factor of a clean crystal immersed in the solvent. A large value 
for ΔD is representative of a large energy loss, which is typical for a soft film attached 
to the quartz crystal. A small ΔD is representative of a rigid adsorbed structure. The 
exact limits of this qualitative discrimination depend on the ratio between viscosity and 
elasticity of the adsorbed film.[215]  It is in general assumed that the Sauerbrey model 
is not expected to hold when the dissipation increases above 2*10
-6
,[216] although 
recent reports suggest that the model works as long as the adsorbed film is ‘thin’.[217] 
When surfactant adsorption is studied by QCM, it is in general assumed that the 
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Sauerbrey relation is sufficiently accurate because the change in dissipation is generally 
low (below 10
-6
). At larger dissipation values, the Sauerbrey relation may underestimate 
the adsorbed mass, and alternative models that adopt a viscoelastic description of the 
adsorbed film[179] could be used.[218] 
 
A.4 Results and Discussions 
 
A.4.1 Bulk Properties 
Critical micelle concentrations (cmc) were obtained from the surface tension/log 
concentration plot as the intersection point of the two best linear fitting for low and high 
concentrations. Surface tension measurements were carried out with a static tensiometer 
(SIGMA70, KSV Instruments Ltd, Finland) using the Du Noüy ring method. All 
measurements were performed at constant temperature of 25.0 ± 0.5°C. The sample was 
progressively diluted by adding the appropriate amount of solvent. Before starting the 
measurement, the sample was stirred for 1 min and equilibrated for 10 mins. 
 
 
Table 7-1 Critical micelle concentrations (mM) of CTAB and C12E6 in the various 
aqueous solutions considered here. 
 








CTAB 0.88±0.01 0.89±0.02 0.84±0.01 0.79±0.03 0.64±0.02 




A.4.2 Adsorption isotherms from pure water 
In Figure 7-2 we report the adsorption isotherms of C12E6 and CTAB from pure 
water on gold. In the case of CTAB (▲), the adsorption isotherm follows a typical L-
shape adsorption isotherm. The amount adsorbed at low bulk concentrations is quite 
large. The value at 0.1 cmc is about 110 ng/cm
2
, almost half of the highest mass 
adsorption for this surfactant. As the bulk concentration increases above 0.6*cmc, the 
mass adsorption increases slowly. This is in agreement with the third stage of typical L4 
Somasundaran-Fuerstenau-type adsorption isotherms for ionic surfactants on 
oppositely-charged surfaces. In this third stage electrostatic hindrance due to interfacial 
charge reversal delays the rate of surfactant adsorption. When the bulk concentration is 
increased above 1.0*cmc, the mass adsorption, as measured by QCM-D, reaches the 
plateau of 250 ng/cm
2







Figure 7-2 Experimental adsorption isotherms for CTAB(▲) and C12E6 ( ) on gold at 
25±0.05 
o
C. Top panel is the mass adsorption showing the error associated with our 
experiments, which was determined by 4 to 8 experiments. The bottom panel is the 







































In contrast to ionic CTAB, the results for nonionic C12E6 ( ) exhibits an S shape 
adsorption isotherm, as discussed by Clunie and Ingram. The amount adsorbed 
increases gradually at low concentrations and shows a sharp increase at about 0.6*cmc. 
We point out that the adsorption of C12E6 is less than that of CTAB at low bulk 
surfactant concentrations. The maximum measured mass adsorption remains ~200 
ng/cm
2
 even as the bulk concentration increases above the cmc. 
Adsorption isotherms are also expressed in terms of mole of surfactants per unit 
surface area as shown in the bottom panel of Figure 7-2. Our results are similar to those 
reported previously by our group, except that previous data showed continuing 
surfactant adsorption when the bulk surfactant concentration increased above 1.0*cmc. 
The discrepancy is likely due to the more careful experimental adsorption isotherms 
measured for the present manuscript and is clearly an indication of the difficulty 
typically encountered in measuring accurate adsorption isotherms.  





 for C12E6. Although these values are obtained at the water-air 
interface, they allow us to calculate the total number of moles adsorbed on each crystal. 
The calculated amount of CTAB or C12E6 necessary to form one monolayer on the 
crystal surfaces used in our experiments correspond to ~0.29 and ~0.26 nmol, 
respectively. Our experimental results indicate that, in correspondence of the cmc, 
~0.55 and ~0.35 nmol of CTAB and C12E6 adsorb on the crystals. Considering that 
QCM-D may little overestimate the adsorption,[185, 188] our data indicate the 
formation of a monolayer-like structure for C12E6 and a 3/2 layer-like structure for 
CTAB. We use the terms monolayer-like because our measurements do not allow us to 
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discriminate between the morphology of the aggregates.  Note, as stated earlier the area 
per head group is an estimate since it was calculated from the air-liquid interface.    
 
 
Figure 7-3 Measured change in dissipation factor for CTAB(▲) and C12E6 ( ) 
surfactant aggregates adsorbed on gold corresponding to the adsorption isotherms 
shown in Figure 7-2. 
 
 
QCM-D also measures the change in dissipation parameter, which enables the 
assessment of the change in flexibility of the surface aggregates. In Figure 7-3, ΔD for 
both CTAB and C12E6 is shown as a function of bulk concentration. In both cases ΔD is 
small at low bulk concentrations and increases as the bulk concentration approaches the 
cmc. At concentrations above 1.0*cmc, both changes in dissipation factors stop 
increasing, indicating a stable, likely equilibrated, surface structure. For CTAB, ΔD is 
larger than for C12E6 at any measured concentration which indicates that the CTAB 














Based on previous AFM analysis, CTAB is likely to form cylindrical aggregates 
on our crystals. Because our estimates for the adsorbed amount suggest the formation of 
3/2 of a monolayer, it is possible that some surface regions are not covered by CTAB 
cylindrical aggregates. This may be a consequence of both surface roughness and 
chemical heterogeneity. In any case, cylindrical aggregates that do not completely cover 
the surface seem to be consistent with large dissipations, as shown in Figure 7-3. 
Unfortunately, however, large dissipations and non-homogeneous surface coverages 
both limit the applicability of the Sauerbrey model, as we will discuss shortly. 
As opposed to the data for CTAB, our results for C12E6 suggest the formation of a 
complete monolayer. Such structure is expected to be rigid, which is consistent with 
low dissipations, as shown in Figure 7-3. Thus, limited to our systems, it appears that 
large dissipations (above 2-3*10
-6
) are signature of cylindrical aggregates, while low 
dissipations (~1*10
-6
) are signature of monolayers. The aggregate morphologies that we 
expect form on our crystals above the cmc are shown in the top panels of Figure 7-4. 
The large dissipation values measured in the CTAB experiments approach the 
limits of validity of the Sauerbrey model. We attempted to assess the measured amount 
using the Voigt viscoelastic model, as described in Ref.[65] The implementation of the 
model requires as input the density of the adsorbed film, and density and viscosity of 
the supernatant solution to yield the total adsorbed mass.[220] Using reasonable 
estimates (1.09 g/cm
3
 for the density of the adsorbed film, 1 g/cm
3
 and 0.001 Kg/(m•s) 
for density and viscosity of the supernatant), we obtained an adsorbed mass slightly 
larger than that reported in Figure 7-2, top panel, for each bulk CTAB concentration. If 
dissipation values larger than the average data reported in Figure 7-3 are used, then 
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larger adsorbed masses are obtained, which imply unrealistic thicknesses of the 
adsorbed film. Because it is likely that the viscoelastic model accounts for solvent not 
only trapped within the admicelles, but also near them, we consider the values obtained 

















Figure 7-4 Expected structures of CTAB (left panels) and C12E6 (right panels) 
admicelles on gold crystals. The top panels represent the admicelles formed from pure 
water, the bottom ones represent those formed in the presence of co-solutes. For clarity 
surface roughness is not shown. 
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Figure 7-5 Experimental adsorption isotherms (top) and measured change in dissipation 
factor (bottom) for CTAB adsorbed on gold from pure water (▲), 0.47g/L aqueous 
solution of toluene (■) , 0.47g/L 1-hexanol (o) , 0.47g/L phenol ( ) and 1.88g/L 
































In Figure 7-5 are reported adsorption isotherms for CTAB on gold in the presence 
of co-solutes. The shapes of the adsorption isotherms are similar to that of CTAB from 
pure water (▲), except that the presence of co-solutes yields larger adsorbed amounts at 
every surfactant bulk concentration. This observation is consistent with the data 
reported by Lee at al.[200] for alcohols adsolubilization in SDS admicelles, as well as 
for those of Nayyar et al.[203] for naphthalene and naphthol. The main difference, 
however, is that the adsorption isotherms do not collapse into a single one as the CTAB 
concentration increases above its cmc, as was observed in those papers. 
Adsorption with toluene and phenol is around 300ng/cm
2 
at 1.0*cmc and is 
approximately constant above the cmc, although with toluene the amount adsorbed may 
increase slightly.  In the case of 0.47g/L (4.6 mM) 1-hexanol aqueous solution, the 
adsorption at low concentrations is a little larger than that observed from the phenol 
solution at the same concentrations.  When the bulk surfactant concentration increases 
to above 0.6*cmc the obtained mass adsorption becomes smaller than that measured 
from 0.47g/L phenol solution.  When the concentration of phenol is increased to 
1.88g/L (18mM), our results indicate that the adsorbed amount below the cmc does not 
change vs. the 0.47 g/L phenol, suggesting that the admicelles at those conditions are 
saturated with phenol.  Once the CTAB concentration increases above the cmc, 
however, there is a reduction in adsorbed amount vs. the 0.47 g/L phenol, possibly 
suggesting that, at this high concentration, phenol competes with surfactant for 
adsorption sites on gold.  
The measured ΔD values (Figure 7-5, bottom) show that, except when the 1-
hexanol solution is used, co-solutes reduce ΔD significantly compared to the value 
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measured in pure water. Note that the measured D are in most cases within the limits 
of applicability of the Sauerbrey model.  In the case of 1-hexanol, the results for ΔD are 
very similar to those measured from water at low bulk surfactant concentrations; i.e., 
they show an increase in ΔD as the bulk surfactant concentration increases to ~0.8*cmc. 
However, when the surfactant concentration increases further ΔD decreases to the low 
values observed for all the other systems in the presence of co-solutes. As co-solutes are 
added to the system, our data suggest that, above the cmc, dissipation for CTAB 
aggregates decreases compared to that measured in pure water for all co-solutes (Figure 
7-5, bottom panel). With the knowledge from previously discussed AFM studies that on 
flat surfaces the addition of low molecular weight compounds causes a change in CTAB 
aggregates from a morphology that is approximately cylindrical to one that is flat,[169, 
212, 213] our observations are consistent with a morphological change from cylindrical 
to flat bilayer structures in the case of CTAB upon the addition of co-solutes. The 
proposed admicelle morphology is sketched in Figure 7-4, bottom left panel. 
The explanation just provided, however, does not account for the unusual behavior 
observed for the dissipation of CTAB aggregates in the presence of 1-hexanol (Figure 
7-5, bottom panel). The molecular architecture of 1-hexanol, a linear hydrophobic chain 
with a small polar head, may be responsible for the different behavior compared to the 
other co-solutes. The dissipation data suggests that with 1-hexanol, admicelles formed 
at low CTAB concentration maintain the same morphology as those formed with CTAB 
alone. However, when CTAB concentration increases above 0.8*cmc, the admicelles 
begin to change morphology and probably become flat.  The fact that the transition 
from cylindrical to lamellar morphology occurs over a range of bulk surfactant 
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concentrations suggests that bilayers coexist with cylindrical micelles at some surfactant 
concentrations.  This likely is an indicator that surface roughness and heterogeneous 
composition influence the admicelle morphology. 
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Figure 7-6 Experimental adsorption isotherms (top) and measured change in dissipation 
factor (bottom) for C12E6 on gold from pure water ( ), 0.47g/L aqueous solution of 
toluene (■), 0.47g/L 1-hexanol (o), 0.47g/L phenol ( ) and 1.88g/L phenol (x). For 
































In Figure 7-6 are reported the data for C12E6 adsorption in the presence of co-
solutes. All the observed adsorption isotherms show the classic S shape, with a sudden 
increase at around 0.6*cmc, except in the case of adsorption from aqueous solutions of 
toluene. In this latter case, the measured adsorbed amount keeps increasing as the bulk 
C12E6 concentration increases even above 1.0*cmc. Toluene is the only co-solute in the 
presence of which the measured adsorption isotherm lies below that measured for C12E6 
from pure water. Both these observations can be explained by a pronounced toluene 
adsorption on the solid substrate before the addition of C12E6 to the system. 
To rationalize these results we point out that in each experiment the baseline was 
obtained before beginning to measure the adsorption isotherm. These baselines were 
obtained by exposing the crystals to the aqueous solution of interest without surfactants 
present. When we compared the resonance frequency when pure water was substituted 
with the other four aqueous solutions we found that the resonance frequency decreased 
by an average of 3 Hz for aqueous solution of toluene, 1.5 Hz for 0.47g/L aqueous 
solution of phenol or 1-hexanol and 2.5 Hz for 1.88g/L aqueous solutions of phenol. 
According to the Kanazawa relation,[221] these small changes in oscillation frequency 
are consistent with small changes in density and viscosity of the aqueous solutions due 
to the addition of the co-solutes. However, they could also indicate some co-solute 
adsorption on the crystals. Because the largest baseline shift is observed for toluene, it is 
likely that this co-solute adsorbs on the surfaces. The fact that the C12E6 adsorption 
isotherm in the presence of toluene is below that measured from pure water, as well as 
the continuous increase of the adsorbed amount observed as C12E6 concentration 
increases, are both consistent with a competitive adsorption between toluene and C12E6 
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for adsorption sites on the surface. As the C12E6 bulk concentration increases more and 
more toluene is replaced by the surfactant, and when micelles are available toluene can 
be solubilized in their interior. Similar effects were observed by Nayyar et al.[203] in 
the case of co-adsorption of ANSA and SDS on alumina.  
Adsorption isotherms from solutions containing 1-hexanol and phenol at high 
concentration show an enhancement in the adsorbed amount for surfactant 
concentrations between 0.5 and 1.5 times the cmc.  The results obtained from low 
concentration phenol are statistically indistinguishable from those obtained in pure 
water.  Comparing the two phenol results suggests that the partition coefficient for 
phenol depends on phenol concentration at surfactant concentrations above 0.5 cmc. 
The observations above can be quantified by evaluating the number of co-solute 
molecules that are adsolubilized at 1.0*cmc for C12E6 (Table 7-2). In the presence of 
0.47g/L 1-hexanol, 1.3 1-hexanol molecules are adsolubilized per each C12E6 molecule. 
In the presence of phenol at the same concentration, only 0.4 phenol molecules 
adsolubilize per each C12E6. The difference between data obtained for phenol and 1-
hexanol is probably due to the structural difference between the two co-solutes. 1-
hexanol is a rather straight molecule while phenol contains an aromatic ring. Thus 1-
hexanol encounters less steric hindrance when it adsolubilizes in the palisade of C12E6 
admicelles. 
The results obtained for changes in dissipation factor (Figure 7-6, bottom) indicate 
that, under the conditions considered herein, admicelles obtained from aqueous C12E6 
on our crystals do not change in flexibility when toluene, 1-hexanol, of phenol are 
present as co-solutes. Thus our data are consistent with no substantial morphological 
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change in the case of C12E6 admicelles. The expected admicelle morphology for C12E6 
admicelles in the presence of co-solutes is sketched in Figure 7-3, bottom right panel. 
 
A.3.5 Comparison and Interpretation 
To further compare the co-solute effects on the surface aggregates for both C12E6 
and CTAB we report in Figure 7-7 the total mass adsorbed and the change in dissipation 
factor measured in correspondence to bulk surfactant concentration equal to the cmc. In 
Table 7-2 we also report the net adsorption of co-solutes per surfactant molecule from 
different aqueous solutions assuming that all of the increase in mass is due to solute 
adsorption (i.e. the amount of surfactant adsorbed remains constant).  First we should 
consider hexanol and phenol at 0.47 g/L. The most obvious observation is that the 
amount of solute adsorbed for CTAB is much larger than that for C12E6.  It is not clear 
why the number of molecules adsolubilized per adsorbed surfactant molecule by CTAB 
appear to be so much larger.  One very distinct possibility is that the larger apparent 
values are due to both solute adsorption and an increase in CTAB adsorption due to 
spreading of the admicelles over a wider surface caused by the change in morphology 
from cylinders to bilayers.  If we assume that the fractional surface coverage for CTAB 
changes from 75% to 100% (amount covered by the flat layer of C12E6), then the 
amount of adsolubilized solute per surfactant molecule is roughly identical for the two 
surfactants.  A patchy bilayer for pure C12E6 would not allow this argument to be made, 
and an alternate, likely unsatisfying, explanation would be required for explaining the 
data in Table 7-2.  Based on Table 7-2, some quantitative comparisons are possible. 
Kandori et al.[222] reported that the maximum number of binding sites of phenol 
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molecules per ethylene oxide unit in micelles at 25
o
C is 0.19.  Using this value, and 
with the assumption the value should be the same for admicelles, the expected 
adsolubilized phenol molecules are 1.14 per each C12E6 molecule, in reasonable 
agreement with our data at 1.88g/L phenol which indicates 1.3 phenol molecules 
adsolubilize per each C12E6. 
Another question that should be explored is why toluene showed evidence of 
competitive adsorption for C12E6 and not for CTAB. This different behavior is probably 
due to the fact that C12E6 and CTAB surfactants adsorb preferentially on different 
surface sites. Toluene seems to compete for those sites that are favorable to C12E6 
adsorption, and less so for those favorable for CTAB adsorption. Further, why was the 
amount adsorbed for CTAB from the 1.88 g/L phenol solution above the cmc less than 
that adsorbed from the 0.47 g/L phenol solution?  It is likely that at this large 
concentration phenol manages to substitute for some of the CTAB surfactant molecules 
in the admicelles. The same phenomenon does not happen in the case of C12E6 because 
not much phenol adsolubilizes within those admicelles. 
It remains to be discussed how changes in density and viscosity of the various 
solutions upon dissolution of surfactant affects the estimated adsorbed amounts. As 
pointed out by many authors,[223, 224] the viscosity changes almost imperceptibly in 
the surfactant concentration range considered in the present work. The viscosity 
increases as surfactant is added, and then decreases steeply at the cmc at which point the 
viscosity increases with added surfactant once again.  Above the cmc, a hard sphere 
model [i.e., the relative viscosity=1+2.5·(volume fraction of micelles)] provides a 
reasonable estimate for the solution viscosity. Under this approximation, the highest 
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viscosity in the systems considered herein would occur at 1.5 cmc, with a micelle 
volume fraction of ~0.2% for CTAB, and much lower for C12E6. Below the cmc, we 
could not find data for our surfactants (these measurements are extremely difficult 
because of the very small changes in viscosity). Density changes due to surfactants 
dissolution are estimated in approximately 0.5% at most. Assuming that both solution 
viscosity and solution density change by ~0.5% each, the estimated difference between 
the actual amount adsorbed and that estimated from the Kanazawa equation becomes 
negligible when compared to the experimental errors typical of our measurements. 
 
Table 7-2 Low-molecular-weight co-solute molecules adsorbed per adsorbed surfactant 
molecule at cmc. *These values are believed not to be statistically relevant (i.e., they 










CTAB 2.7 2.6 2.9 1.6 










Figure 7-7 Comparison among adsorption amounts and change in dissipation factor of 
CTAB and C12E6  observed at 1.0 cmc from pure water (white), 0.47g/L toluene (right 
upward diagonal ), 1-hexanol (black), 0.47g/L phenol (dark horizontal) and 1.88g/L 





Using a QCM-D, experimental data were measured for the adsorption of aqueous 
CTAB and C12E6 surfactants on hydrophilic gold surfaces in the presence of the low-
molecular-weight co-solutes toluene, 1-hexanol, and phenol. In the case of CTAB a 
significant increase in the adsorbed mass was observed compared to that measured from 
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pure water for all the co-solutes considered. In the case of C12E6 our data show little 
changes compared to those obtained from pure water, except when toluene is present, in 
which case competitive adsorption is observed.  This data suggests that CTAB 
admicelles change from cylindrical to flat bilayers in the presence of co-solutes, and 
likely cover larger portions of the surface.   On the contrary, C12E6 admicelles do not 
show any significant morphological change due to the presence of co-solutes.   
Experimental values for the dissipation factor further strengthen the hypothesis that 
CTAB yields cylindrical admicelles while C12E6 yields flat monolayers. Our 
interpretation is consistent with AFM data reported by others on various substrates, and 
are beneficial for the improvement of admicellar polymerization techniques in which 












Appendix B: C12E6 and SDS Surfactants Simulated at the Vacuum-Water 
Interface 
 





The effect of surface coverage on the aggregate structure for the nonionic 
hexaethylene glycol monododecyl ether (C12E6) and anionic sodium dodecyl sulfate 
(SDS) surfactants at vacuum-water interface has been studied using molecular dynamics 
simulations. We report the aggregate morphologies and various structural details of both 
surfactants as a function of surface coverage. Our results indicate that C12E6 tail groups 
orient less perpendicularly to the vacuum-water interface compared to SDS ones. 
Interfacial C12E6 shows a transition from gas-like to liquid-like phases as the surface 
density increases. However, even at the largest coverage considered, interfacial C12E6 
aggregates show more disordered structures compared to SDS ones. Both surfactants 
exhibit a non-monotonic change in the planar mobility as the available surface area per 
molecule varies. The results are interpreted on the basis of the molecular features of 
both surfactants, with particular emphasis on the properties of the surfactant heads, 






The surfactant behavior at interfaces plays an important role in many applications, 
including detergency, mineral flotation, corrosion inhibition, solid dispersion, oil 
recovery, nanoparticle dispersion, etc.[165] All these applications continue to motivate 
efforts towards describing surfactant aggregates and surfactant monolayers at various 
interfaces.[169, 170, 176, 189, 211, 225-227] Surfactant adsorption properties depend 
on the balance between hydrophilic and hydrophobic forces, which in turn are governed 
by the ratio between the properties of tail and head groups. Thus it is important to 
understand the influence of the head groups’ features on the aggregation properties of 
surfactants not only for molecular-based understanding of the observed phenomena, but 
also to design surfactants for specific applications, such as the stabilization of carbon 
nanotube dispersions.[225, 227-230] Molecular simulations are ideal for these purposes 
because each molecular parameter can be changed at will. 
In this work we compare the behavior of hexaethylene glycol monododecyl ether 
(C12E6) and sodium dodecyl sulfate (SDS) at vacuum-water interfaces. C12E6 belongs to 
the family of alkylpolyethylene glycol ethers, known as CmEn.[231] These surfactants 
have chemical formula CmH2m+1(OC2H4)nOH, with a nonpolar hydrocarbon tail group 
CmH2m+1 (Cm) and a polar nonionic and long hydrophilic head group (OC2H4)nOH (En).  
CmEn is atoxic and widely used for detergency, cosmetics and pharmaceutical 
formulations. The other surfactant employed in this work is the anionic SDS. The tail 
groups of SDS and C12E6 are identical. As opposed to the long nonionic head group of 
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C12E6, in SDS the head group consists of one anionic sulfate group. The counter-ion is 
sodium.  
A number of experiments have been conducted to study CmEn surfactants at solid-
liquid interfaces.[113, 183, 184, 232, 233] Grant et al.[184] reported that on graphite 
C14E6 forms rod-like structures while C10E6 forms flat layers; on an organic hydrophilic 
surface both surfactants form flat layers. Our group[113, 189] has studied adsorption 
isotherms of C12E6 on hydrophilic gold surfaces using the quartz crystal microbalance. 
The results suggest the formation of monolayer-like structures. Less is known about the 
structure of CmEn surfactants at air-liquid interfaces. Among the few experimental 
results available, Thomas and co-workers[234-238] successfully employed neutron 
reflection to assess the structure of adsorbed C12En aggregates at the air-water interface 
in a wide concentration range, from dilute conditions to the critical micelle 
concentration (cmc). The experiments were performed on surfactants with different 
number of ethylene oxide groups, from n=1 to n=12 (“En”). It was observed that the 
extent of overlap between the alkyl chain and ethylene group increases as n increases, 
the surfactant layers are molecularly rough, and that both alkyl and glycol groups are 
tilted at the interfaces. Thomas and co-workers also studied the interfacial properties of 
SDS at interfaces using neutron reflection.[239-243] At the air-water interface it has 
been reported that the SDS tail groups are oriented less perpendicularly to the interface 
than dodecanol tail groups, and also that the thickness of interfacial dodecanol layer is 
larger than that of SDS.[240] 
Of particular importance in surfactant studies is the concept of surface tension, γ. 
The γ-A, or π-A, isotherm diagram, in which the surface pressure π is a function of the 
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surface area per head group, A, represents the phase diagram for the self-assembled 
surfactant aggregates. Several phases are typically observed, including dilute gas-like 
(G), liquid-like (L), liquid-condensed (LC) and solid-like (S) phases. The various 
phases are characterized by different morphologies of the two-dimensional fluid, which 
strongly affects the surface tension.[244] 
Lu et al.[235, 236] conducted a number of experiments, correlating the surface 
tension at the air-water interface to the CmEn concentration, from infinite dilution to the 
cmc. SDS, as any other surfactant, reduces the surface tension at air-water interfaces as 
its concentration increases.[245]
,
[246] Strangely, however, it has been noticed that SDS 
solutions reach the minimum surface tension at concentrations larger than the cmc.[242, 
247-249] Several molecular dynamics (MD) simulation studies have assessed the 
properties of surfactants at various interfaces.[250-256] Cuny et al.[257, 258] 
investigated the structural and dynamic properties of C12E5 aggregates at air-water 
interfaces. They reported that both polar glycol head groups and alkyl chains are mobile 
and exhibit tilted orientations, consistent with neutron reflection experiments.[235] 
Chanda and Bandyopadhyay simulated complete monolayers of C12E2[259] and 
C12E6[260] at air-water interfaces for 3 and 5.5 ns, respectively. They found that the 
longer polar glycol surfactants head groups are more tilted towards the aqueous phase 
than the shorter ones, because of hydrogen-bonded structures formed between water 
molecules and oxygen atoms of the head groups. SDS at air-water and water-CCl4 
interfaces has been studied using molecular dynamics by Berkowitz and 
coworkers.[245, 261] MD simulations are also capable of predicting surface 
tension.[262-265] Baoukina et al.[266] and Laing et al.[267] conducted large scale and 
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long time MD simulations to study π-A isotherms of dipalmitoyl-phosphatidylcholine 
lipid monolayers, obtaining comparable results with experiments. To the best of our 
knowledge, no MD simulation result has been reported for the surface tension of C12E6 
at the air-water interface. 
In this work we employ MD simulations to study C12E6 and SDS surfactants at 
vacuum-water interfaces for a large range of interface coverages (surface area per 
molecule). The results, in general agreement with experiments, are discussed in terms of 
morphological and dynamical properties, as well as of surface tension. Differences 
between the results obtained for C12E6 and those for SDS are interpreted based on the 
atomic-scale properties of the surfactants head groups.  
 
B.2 Simulation Methodology 
 
MD simulations were performed at the vacuum-water interface. Water molecules 
were modeled using the extended simple point charge (SPC/E) potential.[268] Bond 
lengths and angles were maintained fixed using the SETTLE algorithm.[269] The 
nonionic C12E6 surfactant contains one hydrophobic tail (T) of 12 alkyl groups, and one 
hydrophilic head (H) of 6 ethylene oxide (EO) moieties and 1 terminal OH group (see 
Figure 7-8). The alkyl groups were modeled as united atoms, whereas the oxygen atoms 
in the EO groups as well as oxygen and hydrogen atoms in the terminal OH groups 
were modeled explicitly. The tail alkyl groups were modeled by the TRaPPE-UA force 
field.[270] The oxyethylene groups were modeled implementing the OPLS force 
field.[271, 272] Following Berkowitz,[261] we allowed bonds and angles to oscillate 
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from their equilibrium values, thus modifying the original TRaPPE-UA and OPLS 
recipes.  
 
Figure 7-8 Schematic representations of C12E6 (top) and SDS (bottom) surfactants 
according to the ball-and-stick formalism. Top: C1 represents the 1
st 
alkyl group in the 
tail, C12 is the 12
th
 alkyl group in tail, EO1 is the oxygen in the 1
st
 ethylene glycol 
group, E1 is the ethylene in the first ethylene glycol group, and OH is the terminal OH 
group. Bottom: SDS has the same number of alkyl groups in its tails C12E6 does, but its 
head group is composed by one sulfur and four oxygen atoms. Color code: the alkyl 
groups in SDS and C12E6 and ethylene groups in C12E6 are represented as cyan spheres; 
the oxygen atoms in the ethylene oxide chain of C12E6 and in the sulfate group of SDS 
are represented as red spheres; the sulfur atom in SDS is a yellow sphere; the oxygen 
and hydrogen atoms of the terminal OH group in C12E6 are green and black spheres, 
respectively. 
 
Harmonic potentials were used to model bond stretching: 
2)( Obbond rrKE        .                                                                                     
(7-3) 
In Eq. (7-3), Kb is the elastic constant, r is the instantaneous distance between the 
bonded atoms, and rO is the equilibrium distance between them.  
The harmonic potential was used to model angle bending potentials: 
2)( Oang KE         .                                                                                     (7-4) 
In Eq. (7-4), Eang is the bending energy, Kθ is the force constant, θO and θ are the 
equilibrium and the instantaneous angles, respectively. The force constants in the 
harmonic bond stretching and angle bending potentials were borrowed from Ref. 
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[[261]]. The bond lengths and angles involving the terminal OH group in C12E6 
surfactants were held fixed by the LINCS algorithm.[273] 
Following the Ryckaert-Bellemans (RB)[274] dihedral implementation, dihedral 








  .                  (7-5) 
The dihedral angles involving oxyethylene group were constrained using 
harmonic potentials: 
))cos(1( sdihedral nKE     .                 (7-6) 
In Eq. (7-6) n is an integer, s  is the equilibrium dihedral angle. All the force field 
parameters employed in our simulations are described in Table 7-4. 
The force field implemented for SDS is described in our previous article.[211] 
The GROMACS [275-277] MD simulation package was used to integrate the 
equations of motion using the leap-frog algorithm[278] with a time step of 2 fs. All 
simulations were conducted in the canonical ensemble in which the number of particles 
(N), the box volume (V) and the temperature (T) were kept constant. T was maintained 
constant using the Nose-Hoover thermostat with a relaxation time of 100 fs. All 
simulations were conducted at T=300 K. Dispersive forces were computed using the 
Lennard-Jones potential with an inner cutoff of 0.8 nm and outer cutoff of 1.0 nm. Long 
range electrostatic interactions were treated using the Particle Mesh Ewald (PME) 
method.[279] Periodic boundary conditions were employed in all three dimensions. 
15,000 water molecules were inserted in a simulation box of size 10.08x9.60x30.00 (see 
Figure 7-9). All simulations were carried out for 32 ns. Equilibration was considered 
completed when no change was observed in the calculated density profiles within a 2 ns 
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interval. We found that 30 ns of simulation were necessary to equilibrate the system at 
the largest surfactant concentrations considered, although shorter runs were sufficient 
for systems at low surfactant concentration.  For consistency, the production run 
consisted in the last 2ns of each simulation, although we used the last 10ns of 
simulations to calculate the mean square displacement for the simulated surfactants. 
During production, the positions of the surfactant atoms were stored every 2 ps and 
used for all subsequent calculations.  
 
Table 7-3 Parameters used to implement the force fields in Eqs. (7-3, 4, 5 and 6). 
 
Lennard-Jones and Electrostatic Interaction Potential Parameters 








CH3 3.905 0.175000 0.0000 
CH2 3.905 0.118000 0.0000 
CH2 (in -O-CH2- CH2-) 3.905 0.118000 0.2500 
CH2 (in -CH2-O-H) 3.905 0.118000 0.2650 
O (in -O-CH2- CH2-) 3.000 0.170000 -0.5000 
O (in -OH) 3.070 0.170000 -0.7000 
H (in -OH) 0.000 0.000000 0.4350 
H (in H2O) 0.000 0.000000 0.4238 








Bond Stretching Potential Parameters Bond 







CH3-CH2 620.000 1.540 
CH2-CH2 620.000 1.540 
CH2-O 600.000 1.410 
CH2-O ( in CH2-O-H) 900.000 1.430 
O-H N/A 0.945 
 














CH2-CH2-CH2 124.190 114.000 
CH2-CH2-O 124.190 112.000 
CH2-O-CH2 124.190 112.000 
CH2-CH2-O ( O in OH ) 124.190 108.000 
CH2-O-H N/A 108.500 
 











CH2-CH2-O-CH2 3.138 3 0.0 
DIHEDRAL C1( Kj mol
-1
 ) C2 C3 C4 
CHn-CH2-CH2-CH2 8.3970  16.7854
  
1.1339  -26.3160 





We report in Figure 7-9 one representative simulation snapshot. We conducted a 
number of simulations with varying number of surfactants on the two interfaces. The 
surface coverages of surfactants are randomly chosen from infinite dilution to the 
concentration necessary to form a monolayer. The thickness of the water film is large 
enough to prevent undesired interactions between surfactant molecules adsorbed in the 
opposing vacuum-water interfaces from occurring. The surface areas per C12E6 
molecules considered are: 9684, 1936, 691, 358, 293, 179, 136, 115, 92, 77, 64, and 52 
Å
2
 per surfactant. 52 Å
2
 per surfactant corresponds to full coverage.[219] We performed 
simulations for SDS at 4 surface coverages (~700, 196, 96 and 52 Å
2
 per surfactant). 
The full SDS coverage corresponds to ~40-45 Å
2
 per surfactant, conditions simulated 
previously by Schweighofer et al.[261] 
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Figure 7-9 Schematic representation of the simulation box. The color code is the same 
as in Figure 7-8. Additionally, the red dots between the two surfactant layers represent 





B.4 Results and Discussions 
 
B.4.1 Density Profiles 
We provide the number density profiles of entire C12E6 chains (E), heads (H) and 
tails (T) as a function of the distance along the z direction in Figure 7-10. The density 
profiles for the entire surfactants (E) correspond to the density profiles of the surfactants 
center of mass. The density profiles for heads (H) and tails (T) are instead the density 
distributions of head and tail segments, respectively. The z=0 position corresponds to 














































































































Figure 7-10 Number density profiles perpendicular to the vacuum-water interface at 
equilibrium for representative systems at different surface coverage: water (dashed 
line); tails (solid line); heads (dot line); and entire C12E6 surfactants (dot-dot-dash line). 
The water number density reaches ~ 0.033 Å
-3




For brevity, only the number density profiles obtained from 4 systems (8 
interfaces) are shown. It is clear that the surfactant molecules accumulate at both 
vacuum-water interfaces with the head groups at contact with the water phase and the 
tail groups away from it. The intensity of the peaks increases as the surface area per 
molecule decreases (the interface coverage increases). At high surface area per 
surfactant (691 Å
2
/molecule) some alkyl groups of the surfactant tails remain at contact 
358 Å
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with the water phase (right part of panel A), which is due to the low surface coverage 
considered. At low surface area per head group (52 Å
2
/molecule) the tail groups are 
found away from the water phase, towards the gas phase (right part of panel C). The 
atomic number density for water reaches about 0.033 Å
-3
 in the center of the simulation 
box (not shown), consistent with the density of bulk liquid water at ambient conditions. 
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Figure 7-11 Mass density profiles for C12E6 at 691 Å
2
/molecule (panel A) and 52 
Å
2
/molecule (panel B). Results are for water (dashed line); tails (solid line); heads (dot 
line); and EO1 groups (dot-dot-dash line). 
 
Because of the large size difference of water molecules compared to C12E6 
surfactants, we calculated the mass density profiles of C12E6 at 691 Å
2
/molecule and 52 
Å
2
/molecule to obtain a better visualization of the interfacial behavior. The results are 
shown in Figure 7-11. At low surface coverage (691 Å
2
/molecule, panel A), the 
surfactant tail groups are close to the water phase. At high surface coverage (52 
Å
2
/molecule, panel B), not only the majority of tail groups are out of the water phase, 
but even part of the head groups are pulled away from water, towards the hydrophobic 
vacuum. We point out that at high surface coverage (panel B) the mass density profile 
for water decreases from the bulk value to zero smoothly, but the curve shows a small, 
yet noticeable change in inflection within the surfactant layers, probably because of 
691 Å
2 
/molecule            A       52Å2 /molecule           B     
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surfactant head-water excluded-volume effects. In Figure 7-11 we also report the 
density profile observed for the EO1 group (see Figure 7-8 for details). This group 
roughly identifies the molecular mid-point for the C12E6 surfactant. Our results show 
that when the surfactant surface concentration is 52 Å
2
/molecule the EO1 group is 
located in between the interfacial layers formed by the head and the tail groups. At 
lower surface concentration, e.g., 691 Å
2
/molecule, the EO1 group position fluctuates 
significantly along the z direction. This is because the surfactant molecules possess 
more degrees of freedom at low surface coverage. Some simulation snapshots collected 
at low surfactant concentration even show configurations in which some surfactants 
form hairpin-type turns. To visualize these results, representative simulation snapshots 
for C12E6 surfactants at the vacuum-water interface at 691 Å
2
/molecule and 52 
Å
2
/molecule are shown in Figure 7-12 (center and bottom panels, respectively). At high 
surface coverage the tail groups of C12E6 effectively pull away the long, partially 
hydrophobic C12E6 head groups from the water phase. Simultaneously, as can be seen 
from the bottom panel in Figure 7-12, packing of the long C12E6 head groups squeezes 
water away from the surfactant heads (i.e., because more surfactant head groups are 
present, less room is available for interfacial water). At 1936 Å
2 
/molecule (top panel in 
Figure 7-12) we highlight the formation of hairpin turns by the C12E6 surfactant. For 
clarity, only 2 of the total 5 C12E6 surfactants present at the interface are shown in the 










Figure 7-12 Representative simulation snapshots for C12E6 at vacuum-water interface. 
The top panel shows hairpin-type surfactants observed at 1936Å
2 
/molecule, the center 
panel is for 691Å
2 
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Figure 7-13  Mass density profiles for SDS at 700 Å
2
/molecule (panel A) and 52 
Å
2
/molecule (panel B). Data are shown for water (dashed line); tails (solid line); heads 
(dot line); and C12 groups (dot-dot-dash line). 
 
 
For comparison, we calculated the mass density profiles for SDS surfactants at 
700 Å
2
/molecule and 52 Å
2
/molecule. The results are shown in Figure 7-13. At high 
surface area per molecule the results are qualitatively similar to those observed for 
C12E6. At low surface area per head group, contrary to that observed for C12E6, the SDS 
head groups are fully immersed in water and only the surfactant tail groups move away 
from the water phase. This observation denotes the different hydration properties 
between the head groups of C12E6 and SDS. The sulfate groups of SDS heads have 
strong hydration due to electrostatic interactions. The C12E6 head contains both 
hydrophilic (oxygenated groups) and hydrophobic (ethylene groups) parts. When the 
C12E6 molecules pack together to form a monolayer, the ethylene groups in the center of 
the surfactants may repel water molecules, and consequently water molecules are 
squeezed out of the interfacial region. The different features between C12E6 and SDS 
head groups result in a different water density profile, which decreases rather gradually 
700 Å
2 
/molecule           A       52 Å2 /molecule              B      
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from liquid-like to zero across the interface in the case of C12E6, and more abruptly in 
the case of SDS. In Figure 7-13 we also report the density profile for the C12 group (see 
Figure 7-8 for details). As in the case of the group EO1 for C12E6 (see Figure 7-11), the 
position of the C12 group helps us identify where the SDS head and tail groups meet. 
Consistent with our previous data for C12E6, the density profiles for the C12 group peak 
in the region between the interfacial layers formed by SDS head and tail groups. More 
interestingly, the position of the C12 group corresponds to a significant change in 
inflexion in the water density profile, suggesting that this unexpected feature of the 
water density is due to excluded-volume effects near the SDS head groups. To compare 
SDS vs. C12E6 surfactants, in Figure 7-14 we provide representative simulation 
snapshots for SDS surfactants self-assembled at the vacuum-water interface. Because 
the head group of SDS is shorter and over-all less flexible than that of C12E6, no 




    
Figure 7-14 Representative simulation snapshots for SDS at vacuum-water interface. 
Panel A is for 700 Å
2 





In all cases considered, for both C12E6 and SDS, our results show that the density 
profiles for tail groups overlap those of head groups, reflecting the lack of complete 
segregation between heads and tails. The reason for this behavior was found to be the 
fluctuation of surfactants along the direction perpendicular to the interface. These 
fluctuations occur at all conditions considered because of thermal motion.  This 
observation is consistent with recent quantifications on the density fluctuations for 
water at hydrophobic interfaces.[280, 281] Such density fluctuations become even more 
pronounced at vapor-liquid interfaces. Structural fluctuations for micelles of C8E5 
surfactants in water have been observed by Garde et al., who reported that such 
fluctuations are so pronounced that they lead the C8E5 tail group to frequently come in 
contact with the head groups, and sometimes even with water molecules.[282] 
In Figure 7-15 we compare representative simulation snapshots obtained for C12E6 
(panel A) and SDS (panel B) at the largest coverage simulated here (52 Å
2
/molecule in 
both cases). Note that at this surface coverage C12E6 yields a complete monolayer while 
SDS forms a monolayer at 40-45 Å
2
/molecule, a situation studied by Schweighofer et 
al.[261] For clarity, only parts of the surfactant head groups are shown. In the case of 
C12E6, we only show EO1 and E1 groups (see Figure 7-8 for details), in the case of SDS 
the entire head groups are shown. The results highlight the staggering of surfactant head 
groups along the direction perpendicular to the interface. The staggering of head groups 
along the direction perpendicular to the interface occurs within a region of ~ 1 nm for 
C12E6, and of ~0.5 nm in the case of SDS. The reason for the wider staggering 
amplitude in the case of C12E6 is related to the chemical nature of its head groups. For 
example, the E1 group, which is located between the tail and the head (see Figure 7-8 
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for details, and Figure 7-11 for the density distribution results), can interact with any 
hydrophobic ethylene groups in either the surfactant head or the surfactant tail. On the 
contrary, the SDS head group is composed by only one sulfate group, and it can only 
associate favorably with other sulfates. Also of importance is the flexibility and length 
of the C12E6 head groups as opposed to the compactness and rigidity of SDS heads. 
Because of their flexibility, the C12E6 head groups can rearrange easily at the vacuum-
water interface, while the SDS ones cannot. This different aggregate packing at the 
interface is probably responsible for the different propensity of the two surfactants to 
lower the surface tension. 
 
    
Figure 7-15 Expanded side view of representative simulation snapshots that highlight 
the surfactant head groups at vacuum-water interface. Results are for EO1 and E1 of 
C12E6 surfactants in panel A; sulfate groups of SDS surfactants in panel B. 
 
In order to quantify the characteristics of the interfacial structure, we fit the 















nz  .                                                                     (7-7) 
In Eq. (7-7) 0n ,   and 0z  are the distribution height, distribution width at half-
height, and peak position, respectively. The presence of a small asymmetry in the 
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density profiles introduces a bias in fitting the curves to a single Gaussian function, 
which we consider not relevant for our analysis. The values of σE, σH, and σT as a 
function of surface area per surfactant head group are reported in Figure 7-16. As the 
distribution width increases, the surfactants yield a thicker layer at the vacuum-water 
interface. The results show that all values for   decrease as the surface area per 
surfactant increases. However, particularly in the case of σE, the thickness of the entire 
surfactant layer and therefore the most important of the results shown in Figure 7-16, 
the change is not monotonic and the curve can be divided into 3 regions with decreasing 
surface area per head group. In region Ι, the value of   increases almost linearly from 
an infinite dilute interface coverage to ~293 Å
2 
/ C12E6 molecule. In Region Π, from 
~293 Å
2 
/ molecule to ~77 Å
2 
/ molecule, the value of   remains ~ constant. In region 
Ш, when the surface area per head group is lower than ~77Å
2
/molecule, we observe a 
significant increase of   as the surface area per molecule decreases (this is particularly 
evident when data for σE are considered). We relate this observation to the classic π-A 
isotherm.[244] Region Ι corresponds to the “gas-like” (G) phase, where the available 
area per molecule is large compared to the dimensions of the surfactant. Region Ш, in 
which the surface is almost completely covered by C12E6, corresponds to L, LC or S 
phases. Based on the distribution of C12E6 observed in our snapshots (Figure 7-12 and 
Figure 7-15), we argue that region Ш corresponds to a liquid-like phase for C12E6 
surfactants. Between regions Ι and Ш, the plateau region observed in Figure 7-16 
indicates a liquid-gas phase transition.  Unfortunately, we did not collect sufficient data 
to provide the entire  -A phase diagram for SDS. 
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Figure 7-16 Values of the distribution widths at half-height as a function of surface area 
per molecule. Results shown are for the entire surfactant layer, σE, the head groups, σH, 
and the tail groups, σT. Symbols ▼, ○, and ● are for E , H , and T , respectively.  
 
 
The thickness of the self-assembled surfactant structure at the largest surface 
coverage considered is comparable to those obtained from neutron reflection 
experiments. At 55 Å
2
 per surfactant the experimental data for the width of the surface 
aggregate reported by Lu et al. is 13.5 ±1 Å, which is close to the value of 13.4±0.9 Å 
found in our simulation for the system with 52 Å
2 
/molecule.[236, 237] Good agreement 
between experiments and simulations is also found for the thickness of head and tail 
layers, as summarized in Table 7-4 (note that the thicknesses reported in Table 7-4 are 
twice the widths reported in Figure 7-16). Analyzing the results we notice that the sum 
of the head and tail thicknesses is greater than the thickness of the layer formed by 
C12E6, which is also in agreement with the experimental data of Lu et al.[236, 237, 284] 




aggregates. The main difference between our results and experimental data comes from 
the thickness of the layer formed by the tail groups. The value reported in Table 7-4 was 
obtained by Lu et al. fitting the experimental data by a single uniform-layer model. 
When a Gaussian function was used to fit the experimental data, a thickness of ~16±1 Å 
was obtained for the layer of surfactant tails.[236] This discrepancy is due, in part, to 
the difficulty of interpreting uniquely the accurate experimental data. When we consider 
that the fully-extended length of the C12E6 tail group is ~16 Å and that the tails are slant 
at the interfaces (see below), we believe that our estimates of ~15.2±0.9 Å for the 
thickness of the layer of surfactant tails is quite reasonable.    
 
Table 7-4 Comparison of the thickness of formed by head, tail groups and full C12E6 
surfactant obtained from our simulations as opposed to those from neutron reflection 
experiments.  
 
 Experiment (Å) [236, 237] MD Simulation  (Å) 
Entire Surfactant 26.5±2 26.8±1.8 
Tails 19±1 15.2±0.9 
Heads 19.5±1 21±1.6 
 
 
B.4.2 Surfactant End-to-End Distance 
The calculated distribution width at half-height shown in Figure 7-16 only 
provides information of interfacial aggregate thickness along the z direction. To obtain 
more detailed information, we calculated the average end-to-end distance for the 
surfactants (details are shown schematically in Figure 7-17). 
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Figure 7-17 Schematic representation for a C12E6 surfactant at the water (bottom)-
vacuum (top) interface. L is the end-to-end distance of C12E6 surfactant molecules; θT  
and θH are the tail and head tilt angles with respect to the direction z, perpendicular to 
the interface.  
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Figure 7-18 Average end-to-end distances for C12E6 surfactants at the vacuum-water 
interface as a function of the surface area per molecule. Only representative error bars 












We report the average end-to-end distance of C12E6 molecules as a function of the 
surface area per molecule in Figure 7-18. The end-to-end distance increases from 15.8 
Å at lowest surface coverage to 20.8Å at full monolayer coverage, i.e., the end-to-end 
distance increases as the surface area available for C12E6 decreases. The results in 
Figure 7-18 follow a trend similar to that observed in Figure 7-16, although the 
identification of liquid-like and gas-like phases is obscured by statistical uncertainty. 
We reiterate that, because the surfactants are staggered along the z direction, the end-to-
end distance (which is an average property for the single surfactant molecules) is 
always shorter than the thickness of the surfactant aggregate (which is a collective 
property of the aggregate). 
 
B.4.3 Surfactant Orientation at the Interface 
Tilt angles for both head groups and alkyl tails (θH and θT) are defined in Figure 




. When θ is equal to 0°, the group is 
perpendicular to the vacuum-water interface. When θ equals to 90°, the group is parallel 
to the interface. The tilt angles for SDS tail groups are calculated by considering the C1 
and the sulfur atom of the head group rather than the C1 and C12 groups as in the case 
of C12E6. θH cannot be calculated for SDS due to the geometry of its head group. 
In Figure 7-19 we report the average tilt angles of head and tail groups as a 
function of surface area per C12E6 molecule. The tilt angles of both head and tail groups 
decrease as the surface area per C12E6 molecule decreases, indicating that at low surface 
coverage both heads and tails lie nearly parallel to the vacuum-water interface and that 
the head and tail groups become more perpendicular to the interface as the surface 
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coverage increases. The tail groups tilt angles are always larger than those of head 
groups, indicating that the surfactant heads are more perpendicular to the interface than 
the tails are. This is due to the flexibility of the hydrophilic glycol groups in water, 
which assume several conformations to increase the system entropy without losing 
favorable interactions with water.  The results in Figure 7-19 show a change in slope as 
a function of surface coverage, which is consistent with the results of Figure 7-16. This 
corroborates a change in aggregation structure for the interfacial surfactants as the 
coverage varies. At high coverage, the average value of the tilt angle of tail groups, 54º, 
is slightly larger than the experimental value, 45º.[237] Cuny et al.[257] studied the 
monolayer structure of the nonionic surfactant C12E5 by simulation and found that when 
A=64 Å
2
/molecule, θT ≈ 63º and θH ≈ 51º, which is in reasonable good agreement with 
our results at 64 Å
2
/molecule (θT = ~58º and θH = ~51º), when we consider that our 
simulations are for C12E6 surfactants. 
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Figure 7-19 Average tilt angles for C12E6 tail and head groups as a function of surface 
area per molecule. Filled and empty circles stand for θT and θH, respectively. Only 
representative error bars are shown for clarity. 
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In Figure 7-20 we compare the simulation results for θT obtained for C12E6 to 
those obtained for SDS as a function of surface coverage. When the surface area 
available per molecule is large, the tail groups of both surfactants remain quite parallel 
to the interface. As the surface area per surfactant decreases, the tilt angle of SDS tail 
groups drops much more dramatically compared to C12E6 surfactants, indicating that the 
SDS tail groups become more quickly perpendicular to the interface than C12E6 ones do 
as the surface coverage increases. This different behavior is probably due to the 
different properties of the surfactant head groups, and how they interact with the 
aqueous film. The compact, rigid, and charged SDS head groups, because of counter-
ion condensation phenomena,[211] strongly associate with each other as soon as their 
surface density allows them to. This aggregation forces the SDS tail groups to become 
perpendicular to the interface because of excluded-volume effects. On the contrary, the 
long, flexible, and nonionic C12E6 head groups easily interact with water molecules, but 
do not yield a compact self-assembled aggregate. Consequently the C12E6 tails do not 
need to orient perpendicularly to the interface until the surface coverage is very large, 
approaching the value necessary to form a complete monolayer. The different packing 
of SDS vs. C12E6 surfactants at the interface is probably responsible for differences 
observed in surface tensions, as discussed below. When SDS and C12E6 surfactants are 
compared one should remember that the head group of C12E6 is much larger than that of 
SDS (see Figure 7-8). The head group of SDS may be comparable in size to that of 
C12E3 (both surfactants yield a complete mono-layer at surface densities of ~40-45 Å
2
 
per surfactant).[219] However, the experimental data reported by Lu et al. show that the 
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alkyl chain thickness at the air-water interfaces remains ~constant for C12En surfactants 
with n<8 as long as the experiments are performed at the same area per molecule.[235] 
Thus, the structural properties obtained for the tail groups of C12E6 surfactants should be 
similar to those obtained for C12E3 ones.  
Surface area per molecule (Å2)















Figure 7-20 Average tilt angles of tail groups as a function of surface area per head 
group. Filled and empty symbols represent results for C12E6 and SDS, respectively. 


















































Figure 7-21 Two-dimensional radial distribution functions between surfactants’ 
functional groups at the vacuum-water interface. For clarity, only 3 functional groups 
are shown: C1-C1 (panel A); EO1-EO1 (panel B) and OH-OH (panel C). See Figure 7-
8 for molecular details. Results are obtained at various surface coverages: 293 
Å
2
/molecule (solid line); 179 Å
2
/molecule (dot line); 92 Å
2
/molecule (dashed line); and 
52 Å
2
/molecule (dash-dot-dot line). In panel D we report the 2D RDF between C12E6 
terminal head groups and the oxygen atom in water at 52 Å
2
/molecule. Results are 
shown for OH-water (solid line); EO6-water (dot line); E6-water (dashed line).  
 
 
B.4.4 Surfactant Aggregates Structure 
To quantify the interfacial aggregate morphology we calculated two-dimensional 
radial distribution functions (2D RDF) between functional groups of C12E6 and SDS 




reported in Figure 7-21. Panels A, B and C report the 2D RDFs for C1-C1, EO1-EO1 
and OH-OH groups of interfacial C12E6 aggregates, respectively. At low surface 
coverage the 2D RDFs are representative of gas-like structures. We also observe that 
the 2D RDF is less than unity at large distances. This happens because at low surface 
coverage C12E6 surfactants are not evenly distributed, but rather form small interfacial 
aggregates (see snapshot in panel A of Figure 7-12). As the surface area per C12E6 
decreases (i.e., as the surface coverage increases), the 2D RDFs change from gas-like to 
condensed-phase-like ones. However, C12E6 aggregates never yield crystalline 2D 
RDFs, not even at the largest surface coverage considered (52 Å
2
/molecule). The lack 
of long-range order in the 2D RDFs shown in Figure 7-21 corroborates our earlier 
interpretation that region Ш in Figure 7-16 corresponds to a 2D liquid-like phase. 
Comparing the 2D RDFs in panel A, B, and C of Figure 7-21 at the largest coverage 
considered (dot-dot-dash line), we find that the functional groups in the center of the 
surfactant molecules (EO1-EO1) show 2D RDFs with more intense first peaks than the 
functional groups at either ends of the surfactants (C1-C1 and OH-OH). This result 
suggests that the surfactants are relatively closely packed in their middle sections, and 
quite sparse at their extremities. This is clearly due to the flexibility of the C12E6 
surfactants.  
To understand why terminal OH groups in C12E6 surfactant do not densely pack, 
the 2D RDFs between water and terminal OH, EO6 and E6 are shown in panel D of 
Figure 7-21. For water and terminal OH group only the oxygen atoms are considered. 
The solid line (water-OH) shows a clear first peak at about 2.8Å, representative of the 
first hydration shell. The dot line (water-EO6) shows a small peak at the same position, 
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whose intensity is weaker than that for water-OH. The first peak of the dashed line 
(water-E6) moves to larger distances due to the hydrophobic nature of ethylene and 
because of excluded-volume effects. These data are consistent with the formation of a 
well defined hydration layer around the C12E6 head groups. The hydration layers form 
easily because the head groups are loosely packed with each other, a consequence of 
their high flexibility. Our simulations suggest that this hydration layer is in part 
responsible for preventing the terminal OH groups from densely packing at the interface.  
 
 
Figure 7-22 Two-dimensional radial distribution functions between head groups of 
SDS (solid line) and between the EO1 groups of C12E6 surfactants (dot line) at 52 Å
2 
per 
head group.  
 
 
For comparison, we calculated the 2D RDF between sulfur groups of SDS. The 
results, including those from C12E6, are shown in Figure 7-22. Contrary to what 
observed for C12E6, the 2D RDF for SDS aggregates shows regular peaks as r increases, 
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suggesting a more densely packed structure than that obtained with C12E6. The 
seemingly periodic peaks at 5, 10, 15, and 20 Å suggest a solid-like structure, almost 
hexagonal (visual inspection of simulation snapshots, not shown for brevity, confirms 
the formation of a regular structure, but excludes that of a perfect crystalline 
arrangement). Even though the SDS coverage is not sufficient to form one complete 
monolayer, the 2D RDF data in Figure 7-22 corroborate the propensity of the SDS head 
groups to strongly self assemble, because of counter-ion condensation effects.[211] 
Even though C12E3 has the similar head group size as SDS, the counterion condensation 
phenomenon responsible for close packing of SDS aggregates is not possible with any 
C12En surfactants, and  hence we believe that the intensity of the peak observed for head 
groups of C12En would not be comparable to that observed for SDS head groups. 
 
B.4.5 Surface Tension 


















     .                                                       (7-8) 
In Eq. 7-8, ZL is the box size along the direction z, perpendicular to the vacuum-
water interface. The factor 2/1  outside the bracket takes into account the fact that there 
are two interfaces in the system. P  are pressure tensors along the α direction.[265] To 
calculate the surface tension the simulated systems were arranged so that the same 
number of surfactants was placed on both vacuum-water interfaces (see Figure 7-9). 
The corresponding surface pressure-area isotherm (π-A) was obtained as: 
)()( 0 AA        ,                                                                                          (7-9) 
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where 0  denotes the surface tension of the vacuum-water interface.  



























Figure 7-23 Surface pressure as a function of surface area per SDS surfactant.  
 
 
The results for SDS are shown in Figure 7-23. The surface pressure increases as 
the surface area per head group decreases, in semi-quantitative agreement with 
experimental data.
[249]
 On the contrary, our calculation for the surface tension in the 
presence of C12E6 surfactants showed values only slightly smaller than those obtained at 
the vacuum-water interface at all surfactant concentrations considered. Although 
experimental data show that SDS is more effective in reducing the water-air surface 
tension than C12E6 (surface tension of SDS at cmc is 32.5 mN/m whereas C12E6 yields a 
value of 41 mN/m),[286, 287] we were expecting to observe a more significant effect 
for our simulated C12E6 systems than those obtained. One possible reason for the 
discrepancy between simulated and experimental data could be the size of the 
simulation box. However, several simulation results are available in the literature that 
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report data for biological systems and other surfactants that are in good agreement with 
experiments despite using simulation boxes significantly smaller than those used 
herein.[262, 265, 266] Prior simulation results showed that appropriately accounting for 
long-ranged electrostatics is necessary to achieve good agreement between simulated 
and experimental surface tension data.[265] Because our results for SDS (anionic 
surfactants) are in good agreement with experiments, and because C12E6 is overall a 
neutral molecule, it appears that our treatment of long-ranged electrostatics forces is 
satisfactory. The last possible explanation for the unexpected results for C12E6 is to be 
found in deficiencies in the implemented force fields. For example, it has been reported 
previously that although TRaPPE force field parameters yield satisfactory structural and 
thermodynamic properties, they not always accurately predict interfacial and surface 
tensions.[285] To test if this was the reason for our unexpected results, we conducted 
sample simulations in which only the tail groups of C12E6 surfactants (i.e., only 
dodecane) were simulated at the water-vacuum interface. At surface coverages 
correspondent to 52 Å
2
 per dodecane we obtained a ~4% decrease in the surface tension 
compared to that of the vacuum-water interface, indicating that the TRaPPE force field, 
used to model the surfactants tails, yields reasonable, yet not always accurate estimates 
for the surface tension (the NERD force field is known to perform better).[288] On the 
contrary the force field we implemented to simulate the C12E6 head groups (OPLS, 
although with some modifications) does not provide good surface tension predictions. 
We note that the sulfate group parameters used to simulate SDS were fitted to predict 
the free energy of solvation, along with other thermodynamic properties,[81] while 
those implemented to describe the C12E6 head groups were fitted to other 
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thermodynamic properties without explicitly considering solvation.[271] Hence we 
attribute our failure to reproduce experimental surface tension data for C12E6 systems to 
inefficiency of the employed force field. Necessary calculations should be performed to 
increase the accuracy of force fields before any attempts are undertaken to compute the 
surface tension data for CmEn systems.  
 
B.4.6 Surfactant Mobility 
To evaluate the surfactant mobility at the vacuum-water interface we calculated 
the two-dimensional mean square displacement (2D MSD) for surfactants along the 











Figure 7-24 Two-dimensional mean square displacement for surfactants as a function 
of time. The top panel is for C12E6 surfactants at various surface coverages [9684 
Å
2
/molecule (solid line); 358Å
2
/molecule (dot line); 92Å
2
/molecule (short dashed line); 
52Å
2
/molecule (dot-dot-dash line)].The bottom panel is for SDS at various coverages 
[700 Å
2
/molecule (solid line); 196Å
2
/molecule (dot line); 96Å
2
/molecule (dashed line); 
52 Å
2




In Figure 7-24 we report the results obtained for C12E6 and SDS surfactants at 
different surface coverages. Our analysis extends to much longer simulation times and 
to a wider range of surface coverages compared to previous data reported by 
Chanda[260] and Bandyopadhyay.[259] Our data suggest that Fickian-type diffusion is 
established when only 1 surfactant is at the interface, and when a full monolayer is 
simulated. When the surfactants are simulated at concentrations at which small 
aggregates form, the diffusion is anomalous because the surfactants are effectively 
‘confined’ within the surface aggregates. More interesting, however, is the fact that the 
results in the top panel of Figure 7-24 show that at the lowest surface coverage 
(correspondent to only 1 C12E6 at the interface) the 2D MSD increases more quickly as 
a function of time than at any other surface coverage considered. These data suggest 
that the surfactants move on the interface very quickly when they are not associated 
with other surfactants. As the surfactant aggregates increase in size, each individual 
surfactant in the aggregate shows slower mobility because the entire aggregate needs to 
move simultaneously to avoid disaggregation. When the surfactant aggregate is large 
enough to span the entire interface, then the individual surfactants can easily move 
within the aggregate and the slope of the 2D MSD as a function of time increases. Our 
findings are in apparent contradiction with those of Cuny et al.,[257] who reported that 
the mobility of interfacial surfactants (expressed as the slope of 2D MSD vs. time) does 
not change as the surface coverage varies. However, we point out that Cuny et al.[257] 
considered coverages close to those necessary to form a complete surfactant monolayer, 
whereas we consider surface coverages ranging from very low, to the one necessary to 
form the complete monolayer. Because at the largest coverage considered here the 
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results for 2D MSD vs. time are similar to those reported by Cuny et al.,[257] our 
simulations complement rather than contradict those reported earlier. On the bottom 
panel of Figure 7-24 we report the data obtained for SDS. Although we do not have data 
for 1 SDS chain at the surface, the behavior is qualitatively similar to that described for 
C12E6, suggesting that the properties of the surfactant head groups do not affect 
significantly the surfactant mobility. Our results seem to suggest that the hydrophobic 
tails are responsible for the formation of surfactant self-assemblies at the vacuum-water 
interface, that the hydrophilic head groups determine the morphological properties of 
the aggregates, and that the size of the self-assembled aggregate is responsible for the 




We employed MD simulations to characterize the behavior of C12E6 and SDS 
surfactants at the vacuum-water interface. The aggregate structures of C12E6 at the 
interface predicted from our simulations are in agreement with data obtained from 
neutron scattering experiments. Our simulations also indicate that the surfactant 
structure at the vacuum-water interface strongly depends on the surface density. At high 
surface area per molecule, the tail groups of C12E6 lie almost parallel to the interface 
and are located in close proximity to the water phase. At low surface area per molecule, 
the tail groups remain almost completely segregate from the water phase and show a tilt 
angle of about 50°. The head groups orient more perpendicularly to the vacuum-water 
interface than tail groups do at all coverages. At low surface area per head group, not 
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only the tail groups of C12E6 remain out of the water phase, but also part of the ethylene 
oxide groups at the center of the surfactant molecules move away from the aqueous 
phase. The tail groups of SDS are more perpendicular to the vacuum-water interface in 
comparison with C12E6 ones, and the sulfate head groups of SDS are always immersed 
in water. An overlap between the interfacial layers formed by head and tail groups is 
observed for all surface coverages studied for both C12E6 and SDS surfactants, 
indicating that the surfactant aggregates fluctuate along the direction perpendicular to 
the interface. Due to these fluctuations the observed thickness of the interfacial 
surfactant layer is larger than the surfactant end-to-end distance. Due to its long, 
flexible and partially hydrophobic head groups, the packing of C12E6 head groups is less 
dense compared to that of SDS head groups.  
The surfactants mobility at the vacuum-water interface depends strongly on 
surface coverage. The mobility is high at infinite dilution, decreases as the surfactant 
aggregates increase in size, reaches a minimum, and increases when the surface 
coverage is sufficiently large that the surfactant aggregates cover, albeit with some 







Appendix C: Additional Figures 
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Figure 7-25 Viscosity vs. shear rate of lubricant solutions in section 2. Empty circles 
are 100mg/ml 100,000 MW PEO solution; black circles are 100mg/ml 10,000 MW PEO 
solution; black inverse triangles are 100mg/ml CS solution; empty triangles are PBS. 
Viscosity was measured using a SR5000 stress-controlled rheometer from Rheometric 
Scientific. 
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Figure 7-26 Viscosity vs. shear rate of lubricant solutions in section 3. Empty circles 
are 10mg/ml HA solution; black circles are 100mg/ml 100,000 MW PEO solution; 
black inverse triangles are SF; empty triangles are PBS. Viscosity was measured using a 
MERLIN self-contained rotational viscometer (REOLOGICA Instruments, Borden 
Town, NJ). 
 
